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Abstract i 
 
Abstract 
This research presents and validates a simulation model for the strategic management 
process of software projects. The proposed simulation model maps strategic decisions 
with parameters of strategic importance and links them to project management plans. 
Hence, the proposed simulation model is a complete framework for the analysis and the 
selection of strategic decisions for the development of software projects. The proposed 
framework integrates critical elements of software development projects, i.e. risk 
assessment, cost estimation and project management planning, for the analysis of 
strategic decisions which helps in choosing a strategic decision, among various strategic 
alternatives for the project, that suits the requirement of an organization the best. The 
simulation model captures the effects of strategic decisions on parameters of software 
projects in dynamic settings during the simulation of different phases of the 
development. The dynamic variations in project parameters affect project management 
plans. Capturing these variations of strategic parameters in dynamic settings brings out 
critical information about strategic decisions for the effective project management 
planning. 
This research work explains that the measure of risk and contingency estimates are 
fundamental, in-addition to risk assessment and cost estimation, for the strategic 
management of software development projects. Therefore, risk measure and contingency 
estimation models are developed for software projects.  
The proposed simulation model is generic, i.e. having generic components with plug-
and-play interfaces; hence, it is independent of any risk assessment, cost estimation, risk 
measurement and contingency estimation models and project management tools for 
software development projects. This research presents a successful case study which 
shows that different strategic management decisions produce different sets of risk and 
cost options, as well as different project management plans for the development of 
software projects. 
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Chapter -1 Introduction  
 
As the complexity of software development projects grow, new solutions for the 
development and management of software projects are required. Today’s turbulent 
technological and market environment, fueled by innovative technological 
advancements and market competition, has added new dimensions to the management 
and development of software projects. So, software organizations and managers of 
software projects have to consider not only how the software should be developed and 
whether the developed software can achieve the cost expectations in the rapidly 
changing market, but also what strategic decisions are critical for the development and 
management of software projects to build the software efficiently and effectively. 
Therefore, software development projects have become more strategic than ever, and 
strategic management of software projects is no longer optional anymore but rather a 
necessity.  
Software development projects are complex endeavors and in the midst of a fast-
changing project development environment, software development projects have 
become of great strategic importance. While the domain of software engineering 
expands in various directions, it hardly draws any benefits from the field of strategic 
management. Software development projects are regarded as dynamic projects where 
project parameters continuously evolve throughout the project lifecycle [PA06], which 
adds additional urgency to adopt strategic management practices in the field of software 
engineering.  
Software organizations are faced with decisions of strategic importance for the 
development and management of software projects; each strategic decision exerts 
varying degrees of affects on projects parameters during the different development 
phases of software projects. The strategic decisions are made at the early stages of 
software projects when complete information about the project is not known, therefore, 
simulation and modeling of strategic decisions provides a preview of the impact certain 
strategic decisions will have on parameters of software projects and helps to explain 
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their effects on the overall project management planning. The project management 
planning reveals the budget and schedule of software projects. The simulation of 
strategic management can help software managers to map strategic decisions with the 
strategic parameters of software projects and links them with the project management 
plans [DM00]. 
Strategic management is about defining decisions of strategic importance for the 
management and the development of projects. Designing and implementing strategies is 
the key to effective strategic management in any project. The formulation of strategies is 
the main responsibility of business managers, whereas implementing these strategies is 
the responsibility of project managers. The design and execution of successful strategies 
requires close co-operation between business and project managers. In-addition, 
Strategic management is about defining strategic decisions to manage and control the 
parameters of software projects. Without understanding the implications of different 
strategic decisions on strategic project parameters, undesirable management options for 
the development of software projects may be made.  
The strategic management process of projects realizes the business vision, while 
project management focuses on the development of projects in view of the developed 
strategy. Therefore, projects must have a strategic management plan as well as a project 
management plan [SH99]. When there are multiple strategic options to choose from, 
quantitative analysis of project parameters through simulation and modeling is needed 
to select the strategic decision among different alternatives for the development of 
software projects that suits best the requirements of an organization. 
Each strategic option has a set of outcomes which reveals the effectiveness of the 
strategy. Simulations provide a way of examining the consequences of strategic 
decisions, within which, different strategies can have different possible outcomes. 
Simulations quantify all the possibilities of a strategy and represent an in-depth view of 
the benefits and consequences of that strategy. The simulation of strategic management 
process requires quantifying the parameters of strategic importance based on strategic 
decisions.  
Another element of the strategic management process is the connection between 
strategic decisions and project management plans, including what effects different 
strategic decisions can have on the overall project management planning. The simulation 
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of strategic management process for software projects quantifies the effects of strategic 
decisions on project parameters and the effects of these quantified parameters on the 
project management planning of software projects. 
The development of a software project is a dynamic activity with varying risks and 
changing expectation of resources, requirements, scope and quality [KA06] [CO09]. 
Therefore, the project parameters of strategic importance continuously evolve 
throughout the development lifecycle of software projects. Such dynamic project 
development environments require dynamic management and development processes. 
Software development processes can benefit from dynamic modeling of strategic 
parameters to better understand the dynamic changes that occur during the 
development lifecycle of software projects.  
Financial organizations use dynamic modeling of risk of financial investments to 
model the future financial projections under different sets of strategic decisions [SC07]. 
Through dynamic risk modeling, the financial risk is measured and financial 
contingency capital is estimated. These quantified strategic parameters of financial 
investments (risk measure, contingency capital) highlight the effectiveness of each 
strategic decision and help to select the strategic decision among various strategic 
alternatives for the management of financial investments that suits best the expectations 
of a financial firm. 
The cost, integrated with risk, is considered a parameter of strategic importance for 
the development of software projects [KI97] [FA95] [PF06]. Therefore, based on analogies 
from the financial domain, dynamic modeling can help better understand the 
implications of different strategic decisions on the risk and cost of software projects. The 
estimated cost of a software project should be sub-additive. Subadditivity is the 
tendency of an estimation of the whole to be less than or, at most, equal to the sum of 
estimations of parts [LA03].  
Measurement generates a quantitative description of physical events and processes. 
Therefore, measurement is a mapping of the real world onto the mathematical world, 
which helps to monitor, manage and improve methods and processes [PF97]. The term 
‘risk measure’ refers to the expected cost needed to abate the risk of certain events, 
whereas contingency refers to resources required to handle these risk events in order to 
protect the project from producing undesirable results. Therefore, the measure of risk 
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and contingency resource estimate in dynamic settings can provide vital information 
regarding the strategic decisions for the development of software projects. 
This research presents a simulation model for the strategic management process for 
the development of software projects that relies on the dynamic modeling of strategic 
parameters and transforms quantified project parameters into project management 
plans. The proposed simulation model brings out the implications of different strategic 
decisions on the different parameters of software projects (cost, risk, contingency) and 
the effects they can make to project management plans (budget, schedule) [PF06] [FA95] 
[KI03]. Therefore, the simulation model maps different sets of strategic decisions upon 
the different sets of strategic project parameters, revealing different project management 
plans and helping to select the strategic decision which best meets the expectations of an 
organization for the development of a software project.  
Therefore, the proposed simulation model is an integrated framework which, at one 
end, connects quantified strategic parameters with the strategic decisions while at the 
other end these parameters are connected with the project management plans in 
dynamic settings. 
This chapter presents the research overview and discusses the scope of the research. 
The chapter introduces strategic management process, dynamic modeling and discusses 
the relationship between project parameters (cost, risk), project planning parameters 
(budget, schedule) and the strategic management of software projects. The chapter 
further discusses the motivation, elaborates on the research methodology and presents 
the synopsis of the thesis. 
1.1. Background 
1.1.1. Research Overview 
Software engineering poorly benefits from the research work of the business and 
strategic management domains [KA06]. There have been attempts to study the 
development of software projects from the business perspective of strategic management 
[CU04] [CU95] [MA01]. Some studies are conducted from the software perspective, 
applying strategic management practices to software development projects [KP05] 
[KA06] [WF99]. Until now, the research material for the strategic management of projects 
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remains scarce in software engineering. This limited knowledge and practice of strategic 
management makes software development practices questionable in the wake of a 
dynamic technological and market environment. This has created a need to establish 
links between software engineering and strategic management so as to take advantage of 
the ongoing research in the fields of business and management [KA06]. The 
development of a software project can benefit from strategic management practices in 
order to address the challenges which arise due to rapid expansion of software and 
software development activities. 
The simulation of software development process is gaining interest among academics 
and software practitioners in order to preview the complexities of these processes, 
seeking solutions for the management of software development projects [KL99]. 
Simulation models represent the simplified understanding of real processes. A model is 
an abstraction of a real or a conceptual process, and the attributes and characteristics of 
simulation models closely match the real processes. A model represents particular 
features of a process to forecast, manage and control these features. Simulation models 
are used in a variety of capacities; they suggest process improvements, give insight into 
how project parameters should be managed, and provide support for decision making 
[KL99]. Software organizations are often faced with decisions of strategic importance. 
For example, an organization makes a strategic decision to develop and test a specific 
software project internally. However, it could alternatively plan to develop the software 
project internally but outsource the testing phase. These two strategies have different 
sets of risks that require different cost commitments. Hence, both strategies would have 
different implications on the project management plan with their own unique cost, risk, 
budget and schedule. Simulation models illuminate the implications of these decisions 
on different parameters of software projects, leading to the best strategic decision among 
various alternatives. Therefore, organizations run simulation models with the key 
interest of finding the best strategic management decision for the development of 
projects. 
The simulation and modeling of the strategic management process quantifies the 
parameters of strategic importance to better understand the effects of different strategic 
decisions on these parameters.  The simulation of project planning based on quantified 
parameters can also help shape the budget and schedule of software projects. The 
schedule of a software project portrays the interactions among different development 
 Chapter -1 Introduction 6 
 
phases with time estimates. Thus the schedule presents the timeline of all the phases 
with their start and end dates [PF06]. 
The strategic management process is about defining and undertaking strategic 
decisions. The scope of the strategic decisions is focused on the overall management of 
software projects; therefore, strategic decisions define the direction of the project 
development activities. While project management planning ensure the proper 
implementation of said strategic decisions for the development of software projects 
[JA07]. A strategic management plan is a set of strategic decisions undertaken at the 
business management level; whereas the project manager defines the project 
management and risk management plans.  
A software project is defined as a temporary endeavor undertaken to develop 
software, where the entire development lifecycle of the software project is divided into 
phases with a definite start and end [PM04]. Hence, the project management plan is a set 
of activities for the development of a software project which is influenced by strategic 
decisions, while the risk management plan defines actions to abate and manage the risk 
of software projects. A software project management plan is developed in the context of 
software development process which models the development phases to estimate the 
budget and the schedule of the project. Strategic management, risk management and 
project management are related such that different sets of strategic decisions have 
different sets of risk events, each requiring a different risk management plan which 
reveals separate project management plans for each strategy.  
The formulation of a successful project development strategy needs the involvement 
of business and project managers. Therefore, the design and implementation of 
successful strategic decisions requires close co-operation between the business and 
project managers [JA07]. Figure 1.1 shows planning activities at the different 
organization levels that are responsible for the development of these plans, see 
Appendix_E for the description of the blocks. The business management of an 
organization performs the strategic management planning and produces the strategic 
management plan. The project manager then performs the risk management and project 
management activities, based on the strategic management plan, and produces risk 
management and project management plans. 
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When there are multiple strategic options available for the development of a software 
project; simulation of strategic options quantifies parameters of strategic importance. 
These quantified parameters help business and project managers to understand the 
implication of each strategic option on the project management plan. This opens a 
strategic view of a project and facilitate the selection of the best strategy for the 
development of the software project. 
 
Figure 1.1: Different plans and organizational levels 
Dynamic projects are defined as activities where environmental changes and 
technological innovations cause more unknowns than knowns [CO09]. Software 
development projects are regarded as dynamic projects as software requirements, scope 
and resources are susceptible to changes during the execution of different development 
phases [CO09]. As the risk changes, the measure of risk, estimated cost and contingency 
resources of software projects also change. Modeling and simulation of these dynamic 
changes in the strategic parameters (cost, risk, and contingency) provides vital 
information about the effectiveness of strategic decisions for the development of 
software projects. Dynamic modeling allows the observation of changes in the system 
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variables over a pre-defined time horizon. The changes or transformations in the project 
parameters can be continuous or discrete [SC07].  Modeling the dynamic changes in the 
parameters of a software project for the duration of the project is an example of dynamic 
modeling. For example, dynamic modeling of risk provides a time varying 
understanding of risk that is based on the future assessment of the impact of risk events. 
Software organizations attempt to abate the risk by taking corrective actions during 
different phases of the project. Therefore, risk assessments are repeated over time to 
check that the corrective actions are effective. This results in a dynamic modeling 
framework of risk in the form of feedback loops of assessments and corrective actions 
followed by new assessment and preventive actions. 
Risk within software development projects are events that bring adverse monetary 
consequences to software projects. The impact and probability of risk events changes 
due to updates in the project environment. The risk assessment process identifies and 
quantifies the risk events of software projects. The cost of a software project is the 
amount of work effort in human resources (e.g. man-months) required to complete a 
software project. Researchers have proposed various risk assessment and cost estimation 
models for software development projects. Further, the risk measure maps specific sets 
of risk events to the cost that is needed to manage these risk events. Therefore, risk 
measure for software projects reflects the expected cost due to a specific set of risk 
events. 
This research presents a strategic management process simulation model for the 
development of software projects which considers cost, risk, risk measure, contingency, 
budget and schedule as strategic parameters of software projects. Therefore, the 
proposed simulation model integrates software risk assessment and cost estimation 
models in dynamic settings. These quantified cost and risk helps to produce software 
risk measure and contingency estimates and connect them with the project management 
planning which produces the budget and schedule of the project. Figure 1.2 shows an 
overview of different components of the proposed strategic management process 
simulation model and how they are interconnect within the simulation model in 
dynamic settings.  
The strategic planning activity produces sets of strategic management decisions and 
based on each strategic decision, the risk assessment, cost estimation, risk measure and 
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contingency estimation produces quantified representations of the strategic parameters 
(risk, cost, risk measure and contingency). The project planning activity then produces 
the budget and the schedule of the project based on these quantified strategic 
parameters. The dynamic modeling of strategic parameters brings out the changes in 
these strategic parameters for pre-defined phases of software projects.  
 
The proposed strategic management simulation model utilizes dynamic modeling of 
strategic parameters and provides critical pieces of information about how different 
strategic management plans affect these strategic parameters of a software project, and it 
highlights the dynamic implications on the strategic parameters for pursuing different 
strategic management plans for the development of a software project. Therefore, 
simulation using the dynamic modeling of a strategic decision enables vital dynamic 
views of the project at pre-defined phases of the development. 
1.1.2. Motivation 
In the light of rapidly expanding software development activities, the strategic 
management of software development projects has become invaluable [KA06]. New 
techniques for strategic management need to be explored, and other domains of business 
and science should be searched so as to find innovative ideas. Strategic management 
decisions are taken in the early stages of a project when the critical information about the 
project is scarce. The simulation models help to establish a basis from which to select the 
best strategic decisions by quantifying the strategic decisions. 
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There have been research attempts to define strategic management processes for the 
development of software projects [KP05] [WF99] [KA06]. Dynamic modeling of strategic 
parameters can help for the further development of these models. Dynamic modeling of 
strategic parameters is a way to expand research in this area, and there is a growing need 
to establish the missing links between strategic decisions and project management plans. 
The key motivation of this research has been the development of a simulation model 
for the strategic management of software projects, as well as establishing links between 
strategic and project management through dynamic modeling of strategic parameters. 
The outcome of this research work will connect strategic decisions with the project 
parameters. Therefore, the proposed simulation model is an integrated framework of 
strategic management which brings together risk assessment, cost estimation, risk 
measure and contingency estimation and connects them with the project management 
planning tools.  
The models for the development of software projects are evolving through continuous 
research in a quest of finding better tools for the estimation and assessment of different 
parameters of software projects. Hence any dependency on any specific model deprives 
software organizations of the choice to adopt the latest models available. Therefore, the 
proposed simulation model relies on generic components having plug-and-play 
interfaces to support the evaluation of different estimation and assessment models for 
software development. 
While dynamic modeling plays a fundamental role in the management of financial 
investment, its importance has not been recognized in the software engineering domain. 
As software projects are becoming more and more competitive and innovative, their 
development has turned into a dynamic activity, which experience changes in the 
strategic parameters during different phases of the development. Therefore, adopting 
dynamic modeling techniques in the light of changing business and market 
environments is essential for software development projects. 
 The strategic management process depends upon the quantification of cost and risk, 
which needs support from risk assessment and cost estimations models. Different risk 
assessment and cost estimation models are explored with the motivation of finding the 
best set of models for the simulation of strategic management. The estimated cost, 
integrated with risk, translates into risk measure and contingency resources and expands 
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the research motivation to explore and develop risk measure and contingency estimation 
models for software development projects. 
1.1.3. Scope 
The simulation of a strategic management process for software projects combines the 
knowledge from different domains. Figure 1.3 shows an overview of the scope of the 
research work. It shows that from software engineering the scope of the research work 
spans to include risk management, risk assessment, cost estimation and software 
development processes; from the domain of management it includes the strategic 
management and project management practices; the knowledge of discrete event 
simulation is gained from the field of modeling and simulation; while, from the field of 
finance the scope of the research work covers the dynamic modeling, risk measure and 
contingency estimation techniques. 
 
 In software engineering, risk assessment is a component of risk management, which 
defines policies to deal with the overall management of risk to abate and control its 
impact. Risk assessment indentifies risk events and establishes the probability of the 
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overall impact of the risk. The scope of the research covers the development of a novel 
risk assessment model for software projects, which utilizes a scheme of risk 
identification and presents the overall impact of risk using probabilistic notations. In 
addition, software development processes explains different development phases, and it 
helps to understand how these phases can be modeled in dynamic settings. The cost 
estimation provides vital information about a strategic management plan in terms of 
man-months effort that is required to fulfill the strategic plan. 
The scope of the research focuses on identifying the relationship between strategic 
management decisions and project management plans. It covers how strategic decisions 
are transformed into project management plans based on the quantitative information of 
the strategic parameters, revealing the cost and outlining the schedule of the project. 
The research adopts financial dynamic modeling and learns from financial models of 
risk measure and contingency estimation. The research work identifies areas for 
improvement in the traditional practices of risk measure and contingency estimation of 
software projects and covers the development of risk measure and contingency 
estimation models for software projects. 
Furthermore, the research covers the modeling of software development processes to 
understand the modeling techniques that are used to model the software development 
processes to select a modeling technique that suits the requirements of the proposed 
simulation model. The scope of the research covers the development of a simulation 
application using the MATLAB© simulation language, which implements the proposed 
simulation model for the strategic management process of software projects. 
1.2. Brief Overview of the Research 
1.2.1. General Objectives 
This research focuses on modeling the strategic management process of software 
projects, which benefits from the dynamic modeling of strategic parameters. The 
deliverables of the research will allow software organizations and software project 
managers to model and understand the effects of strategic decisions on different 
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strategic parameters of software projects in dynamic settings in order to select the 
strategic decision which is in the best interest of their organizations. 
Research studies for strategic management of software development projects have 
proposed different solutions, but none defines a framework which embodies critical 
activities for the development and management of software projects, i.e., mapping 
strategic decisions with quantified strategic parameters, which are linked with project 
management plans. Therefore, an integrated framework for the strategic management of 
software projects has not been realized. Furthermore, it has been an accepted position 
that software development projects are dynamic activities, but research studies in the 
domain of software engineering have not relied on the dynamic modeling of parameters 
of software projects. 
Two main aims of this research are: 
1. Development of a simulation model for the strategic management process of 
software projects that embodies critical elements of software development 
projects from strategic decision design, its effects on strategic parameters and 
to project planning providing a generic integrated framework for strategic 
management. 
2. Development of a model for dynamic risk modeling of software projects, 
which captures the dynamic variations in the impact of risk events for 
different development phases of software projects. The model will be further 
expanded to other parameters of software projects in dynamic settings for the 
strategic management of software projects. 
Research objectives that arose from achieving these aims are as follows: 
1. Develop a risk assessment model for software. 
2. Explore and select a cost estimation model for the construction of the strategic 
management process simulation model of software projects. Further, this 
objective ensures that the cost estimates are sub-additive. 
3. Explore and select a software development process model that is suitable for the 
strategic management process in dynamic settings. 
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4. Explore and select a simulation modeling technique to implement the strategic 
management process model. 
5. Develop a risk measure model for software projects. 
6. Develop a contingency estimation model for software projects. 
7. Develop a prototype simulation application to implement the proposed 
simulation model for the strategic management process of software projects. 
8. Validate the proposed strategic management simulation model and the prototype 
simulation application. 
9. Validate the risk measure and contingency estimation models for software 
projects. 
10. Conduct a case-study using the simulation application for the strategic 
management of software projects. 
1.2.2. Problem Areas 
To address the above stated aims and objectives, the following problem areas are 
identified: 
1. This problem area deals with the development of an integrated generic 
simulation framework for the strategic management process of software projects 
in dynamic settings. It involves identifying the issues with the existing software 
process models and building a strategic management process model which 
overcomes weaknesses indentified in these process models. This solves the 1st 
aim of this research work. 
2. The proposed strategic management framework benefits form the dynamic 
modelling of project parameters. This problem area focuses on the development 
of a model for the dynamic risk modelling of software projects which helps to 
solve 2nd aim of this research. 
3. The development of software risk assessment model for software projects. The 
established risk assessment models produces single point estimates of the overall 
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risk and are unable to classify risk events based on their dependence and 
correlation. The development of a novel risk assessment model aims to overcome 
these issues with the traditional models. This problem area solves the 1st objective 
of the research. 
4. This problem leads to the selection of a cost estimation model for software 
projects for the development of the simulation application. Further, this problem 
area deals with the issue that cost estimates may not be sub-additive and suggest 
a solution; hence, it solves the 2nd objective. 
5. This problem area leads to the exploration and selection of a software 
development process model that can address the dynamic requirements of the 
proposed integrated simulation framework and solves the 3rd objective. 
6. This problem area is about finding the right modelling technique that allows the 
observation of project parameters in discrete phases of the development of 
software projects. This helps to solve the 4th objective. 
7. The 5th objective is to draw core concepts from financial risk measure models and 
build a risk measure model for software projects using analogies from financial 
models. The risk measure is used as a strategic parameter in the proposed 
simulation model for strategic management. 
8. The 6th objective is to development of a contingency estimation model for 
software projects. Based on the software risk measure, this research focuses on 
presenting a contingency estimation model for software projects that is inspired 
by a financial contingency estimation model. The estimated contingency plays a 
strategic role in the proposed model for strategic management. 
9. This problem area focuses on the development of a simulation application to 
implement the proposed simulation model for the strategic management process 
of software project. This resolves the 7th objective by constructing a MATLAB©-
based prototype simulation application for the strategic management of software 
project with a graphical user interface. 
10. This problem area arouse from the validation of the proposed strategic 
management process simulation model. Therefore, this problem area focuses on 
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the validation of the strategic simulation model and helps to solve the 8th 
objective of the research. 
11. Validation of risk measure and contingency estimation models for software 
projects promote this problem area. It shows that software risk measure and 
contingency estimation results are consistent with the input and coincide with 
the real software development experience; hence, it solves 9th objective. 
12. This problem area focuses on to present a case study using the prototype 
simulation application. The case-study discusses how strategic decisions are 
transformed into project management plans through quantified project 
parameters. This problem area solves the 10th objective of this research. 
1.2.3. Research Methodology 
This research explores the academic literature focusing on the strategic management 
of software projects. Researchers in the field of software engineering have proposed 
different models employing different techniques for the strategic management of 
software projects. Strategic management requires a holistic approach to undertake 
decisions of strategic importance which involves cost estimation, risk management, 
contingency estimation and budget and schedule modeling. Therefore, this research 
work explores the academics literature dealing with the risk management, cost 
estimation, contingency estimation and project management planning, which produces 
the budget and the schedule, of software projects. This research work integrates these 
estimation models and planning tools of software development project for the strategic 
management of software projects; hence, it links the quantified parameters of software 
projects with the project management plans. 
An important aspect of this research is how different parameters are changed under 
different strategic decisions. Each strategic decision has a different set of risk which 
requires different cost commitments; hence project management planning produces 
different budget and schedule for each strategic decision for the development of a 
software project. Therefore, the research work identifies the parameters of strategic 
importance for the software development projects from the academics literature search. 
The identified parameters of interest for the development and management of software 
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projects are: cost, risk, contingency, budget and schedule [BN08] [BO81] [BO10] [FA95] 
[KI03] [DM03].  
The proposed simulation model integrates different models from the software 
engineering domain. The first step in the simulation of the strategic management process 
is the strategy development which envisions different strategic options. The second step 
in the process is the cost estimation model, which produces the estimated cost in man-
months units based in the strategic decision. Further the risk management and 
assessment identifies and analyze the risk based on the strategic option since different 
strategic decision produces different sets of risk. Therefore, the cost estimation and risk 
management should follow the strategy development step. The estimated cost and 
quantified risk are integrated to produce the cost which bears the impact of risk events. 
The next steps are the measurement of risk and contingency estimation for a strategic 
decision. After the simulation of the project parameters the simulation of project 
management planning begins. 
The research expands to explore how different parameters of the software projects are 
represented an identified that the single value estimates of parameters of software 
projects are uncertain [KI97]. This research work showed how the single value estimates 
could be mapped on to a probability distribution, which helps to model the estimated 
parameters using random variables with an underlying probability distribution. 
Therefore, each strategic parameter of software project is modeled with a probability 
distribution and the values of a parameter are estimated using a probabilistic confidence 
level. The use of probability distribution to represent the strategic parameters of 
software projects enables software managers to deal with a range of possible values with 
associated probabilities. 
The research work presented that the estimated parameters should be sub-additive 
[LA03] and showed that the estimated cost of software projects may not always be sub-
additive. Sub-additive values of costs are essential to manage a portfolio of software 
projects or a software project that is decomposed into multiple tasks. Further, the 
research work proposed a solution to have sub-additive cost estimates, which suggested 
that the estimated cost should be expected value of the cost. 
This research work explains that the strategic management is about undertaking the 
decisions to manage different parameters of software projects. Therefore, the research 
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work proposes an integrated model for the strategic management process of software 
projects to better understand the effects of strategic decisions on different parameters of 
software projects. The integrated model inter-connects different estimation model and 
planning tools and links their results for the overall strategic management of software 
projects. The strategic management process simulation model explains the flow of 
activities and the sequence of these activities, further, how these defined activities are 
repeated throughout the lifecycle of the project.  
The proposed simulation model for the strategic management of software projects 
studies the impacts of strategic decisions on the project development (risk, cost, 
contingency) and planning (budget, schedule) parameters. Therefore, this research work 
explores the estimation and assessment models for cost, risk, contingency and project 
management tools to understand the budget and schedule of software projects. The 
research work proposed improvements in the risk management, risk assessment and 
contingency estimation models of software projects. The research work proposed a novel 
risk assessment model and novel contingency estimation model. Further, research work 
showed how risk management activities can be conducted using dynamic modeling. 
The research work explores the risk measurement techniques for the software 
development projects and concluded that the traditional practice of measuring the risk of 
software project is based on single value estimate of impact and probability of risk; 
hence it is uncertain [KI97]. Further, the measured risk is not sub-additive when applied 
to portfolio of software projects or to a project that consist multiple development tasks. 
The research work explores the financial risk measure models and explains different 
financial risk measurement models. The research proposed a risk measure model for the 
software development projects based on the analogies from a financial risk measure 
model. The proposed risk measure model produce sub-additive measures of risk; 
further, the research work showed that the proposed model is scalable to a portfolio of 
software projects. 
The research work explores the traditional contingency estimation models for 
software projects and explains a financial contingency estimation model that is deployed 
in the financial industry to estimate the contingency capital to protect a financial 
investment from risk events. The research work suggest ways to further improve the 
traditional contingency estimation models for software projects and presented a 
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contingency estimation model that overcomes the issues identified in the traditional 
contingency estimation models for software development projects. Based on the 
analogies from financial models, the research developed a contingency estimation model 
for software projects. 
The software development process models define the activities and the flow of 
activities for the development of software projects. The research work explores different 
software development process models.  The software development process has different 
development phases and how these phases are inter-connected for the successful 
completion of the project. These pre-defined phases are important for the simulation of 
the strategic management process of software projects. The research presented a generic 
view of the development process of software projects. Therefore, for the simulation of 
the strategic management process of software projects any number of development 
phases can be defined. 
The research work explores different simulation techniques to choose a simulation 
technique which suits the requirements of the proposed strategic management process 
simulation model. The researchers have used different simulation techniques for the 
simulation of different process of software projects. These simulation techniques are: 
System Dynamics and Discrete Event Simulation. The research explores unique 
characteristics of these simulation techniques to select the simulation technique that suits 
the requirements of the strategic process simulation model.  
The dynamic risk modeling allows capturing the changes in the risk of software 
project as the project completes different phases of the development. To address the 
dynamic environment of software development projects, the research presents dynamic 
risk modeling for software projects with feedback capability. The feedback allows 
capturing the dynamic changes in the risk, cost, and contingency of software projects for 
different development phases of software projects and connects these changes with the 
next phase of the project. The dynamic risk modeling is further expanded to include 
other parameters of software projects for strategic management. These parameters are 
cost and contingency which are modeled using the dynamic modeling. The feedback 
allows quantitative analysis of risk at different phases of the development and allows 
defining corrective actions for the management of risk of software projects. Therefore, 
the research work explains which software development process model can be suitable 
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for the dynamic modeling of different parameters of software projects; since not all 
software development process models are capable of dynamic modeling due to the 
limitation that a development phase cannot be re-visited during the development of a 
software project. 
Moreover, the traditional risk assessment models suffer from the fact that risks are not 
based on their dependence and correlation with each other. The research work proposed 
a novel risk assessment model for software projects. The proposed model classifies the 
risk of the software project based on the dependence and correlation of risk events 
among each other.  
This research implemented a prototype of the proposed strategic management 
simulation model using the MATLAB©. The simulation application integrates cost 
estimation and risk assessment models in dynamic settings; it also incorporates the 
software risk measure and contingency estimation models. Therefore, the simulation 
application focuses on the quantification of strategic parameters of the proposed model. 
The simulation application is capable of simulating four software development phases 
and it supports three strategic management plans. Furthermore, simulation results are 
transformed into project management plans by simulating the project management 
planning stage where each strategic decision reveals a different project management 
plan. The research work uses Microsoft Project 2007© for the project management 
planning. 
1.2.4. Research Contributions 
The main contribution of this research is a simulation model for the strategic 
management process of software projects which benefits from dynamic modeling. The 
proposed simulation model is an integrated framework of strategic decision design, 
parameter modeling and project planning. The simulation model also presents a 
dynamic view of the parameters of strategic importance for an in-depth understanding 
of the behavior of each strategic parameter during different phases of development 
under different strategic management plans. The proposed simulation model brings out 
quantitative information of different parameters of strategic importance and links the 
strategic decisions with the project management plan through quantified parameters. In 
addition, the proposed strategic management model is generic, having plug-and-play 
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components; therefore, it only defines the components and their interconnections of the 
strategic management process. Therefore, any set of estimation and assessment models 
can be adopted for the simulation of a strategic management model with consideration 
for dynamic modeling. 
The second main contribution of this research is dynamic risk modeling for the 
development of software projects. Dynamic modeling allows for feedback during 
different phases of the development and allows corrective actions to be defined for the 
risk management of software projects. The dynamic risk modeling integrated with risk 
assessment allows the simulation of risk in a changing project environment which 
provides an advantage over the static risk assessment models.  
The other research contributions are as follows: 
 The research work presents a risk assessment model that helps to classify risk 
events based on their dependence and correlation and presents a probabilistic 
view of the overall impact of risk events. 
 
 The research identifies that cost estimates that are based on percentile 
estimation of probabilistic models may not be sub-additive. A solution is 
proposed to have sub-additive cost estimates. 
 
 The research work proposed a software risk measure model which maps the 
risk events with the expectation of their cost. The risk measure is a strategic 
parameter of the proposed simulation model. 
 
 A contingency estimation model for software development projects is 
presented which helps to estimate the contingency resources based on the 
expected cost of the software project and the expected cost due to the impact 
of risk events. The estimated contingency is a strategic parameter of the 
proposed simulation model. 
 
 The research work contributes a prototype simulation application based on 
MATLAB© that implements the proposed simulation model for the strategic 
management of software projects. 
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1.3.  Synopsis of the Thesis 
The thesis is structured as follows: 
Chapter 2 discusses the literature review conducted for this research. It discusses 
strategic management models for software projects, explores the software development 
process models, and explains why these models have not gained widespread acceptance 
among software academics and practitioners. The chapter presents a cost estimation 
model for software projects, the Constructive Cost Model (COCOMO), as well as its next 
generation, COCOMO-II. It discusses traditional software risk management models and 
explains which of the management models are suitable for dynamic software 
development projects. It further discusses traditional risk assessment models and shows 
that a risk assessment model is needed to classify the risk events of software projects 
based on their dependence and correlation. This chapter also explores traditional 
contingency estimation models for software projects and discusses some issues with the 
contingency estimation model. Additionally, the chapter presents the evolutionary path 
of financial risk modeling and draws analogies with the evolution of software risk 
assessment models. It concludes that the next step for software risk assessment is 
dynamic modeling. Further, the chapter presents the concepts of financial risk 
measurement and contingency estimation, and it explores financial risk measurement 
models. This chapter meets the 2nd, 3rd and partial 4th secondary objectives of the 
research. 
Chapter 3 discusses the representations of cost and risk in software projects. It 
explains that estimated cost of software projects may not be sub additive. A solution is 
proposed to have sub additive cost estimates to avoid the misleading cost estimates for 
software projects. In addition, it defines risk and discusses a scheme of risk classification, 
presenting a novel risk assessment model for software projects. The risk assessment 
model classifies risk events based on their correlation and dependence on each other. 
The chapter focuses on achieving the 1st secondary objective and the remaining 4th 
objective.  
Chapter 4 presents a risk measure model for software projects, which measures the 
expected risk involved in software projects in man-months. In addition, the chapter 
proposes a software contingency estimation model that relies on the software risk 
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measure. The proposed contingency estimation model overcomes the weaknesses of the 
traditional software contingency estimation models identifies in chapter 2. The chapter 
further discusses the validation procedures for software risk measure and contingency 
estimation models. This chapter meets the 5th, 6th and the 9th secondary objectives. 
Chapter 5 proposes dynamic risk modeling of a software project based on the discrete 
event simulation technique. This chapter uses the risk assessment model discussed in 
chapter 3 and presents an example of risk assessment in dynamic setting by considering 
a software development scenario. This chapter meets the 2nd primary aim. 
Chapter 6 proposes a generic simulation model of strategic management of software 
projects that relies on dynamic modeling. In addition, chapter 6 presents a simulation 
application developed using the MATLAB© language. The application simulates the 
proposed strategic management model in dynamic settings. The simulation application 
quantifies cost and risk of software projects and gauges the software risk measure and 
contingency estimates. The chapter presents a case study of a software development 
scenario and discusses in detail how risk assessment and cost estimation are quantified 
for different strategic management options, as well as how these quantified results are 
transformed into project management plans. This chapter meets the 1st primary aim and 
the 7th, 8th and 10th secondary objectives.  
Finally, chapter 7 discusses the conclusions and draws attention to the contributions 
of this research. Further, it presents the limitations and future direction of the research. 
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Traditional cost estimation, risk management, risk assessment and development 
process models for software projects provide a foundation for further research and 
development in the field of software engineering. As new tools, methods and 
methodologies are being discovered through continuous research, there is a need to 
improve the capabilities of existing models using the latest innovations in technology. 
This chapter presents brief descriptions of different models of interest that are used for 
software development projects so as to learn from them and to understand the next 
evolutionary steps of these models. In addition, learning from other domains has been 
an important practice which expands the research in a field.  
The chapter discusses the following from the domain of software engineering: 
strategic management models, software development process models, cost estimation 
models, risk management models, risk assessment models, risk measure model and 
contingency estimation models. In addition, from the field of finance, the chapter 
discusses financial risk measure models and a financial contingency estimation model.  
For modeling and simulation of the strategic management process of software 
projects it is essential to understand how development processes are modeled in the field 
of software engineering. This chapter takes a closer look at different development 
processes for software projects to learn from their modeling techniques and methods. 
The proposed strategic management process deals with the modeling of risk and 
measurement of risk, which involves understanding risk management, risk assessment 
and risk measure models.  
Researchers have adopted different expressions of risk that suits their fields of 
interest; in essence, risk is referred to as the possibility of loss. Therefore, the central idea 
of risk is that it is an event which may or may not take place (hence its occurrence is 
uncertain) which brings adverse consequences. Therefore, risk can be defined as events 
that bring negative monetary impacts to software projects. Therefore, the occurrence of 
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risk events adds additional cost to software projects. Quantitatively, a risk event is 
represented by its impact, which represents the amount the estimated cost is increased 
should the risk event occur. 
AS the complexity of software grows, so does the need for better software risk 
management processes and models. Risk assessment is about identification and analysis 
of risk events, which produces a quantitative representation of the identified risk events 
of software projects. Therefore, risk assessment generates impacts and probabilities of 
risk events that are used for risk management. Additionally, risk assessment produces 
the overall impact of all the identified risk events of software projects. Risk assessment is 
a quantitative analysis of risk that is essential for risk management.  
Risk management has been used in different fields for many years, and since the last 
decade, its application in software engineering projects has gained momentum. Risk 
management in software engineering ensures that risk events of software projects are 
known and that the severities of their impacts are understood so that appropriate 
software risk management decisions can be taken to manage these risk events. Therefore, 
risk management is about setting up guidelines to manage, control and abate the impact 
of identified risk events on software projects. Based on the risk assessment, risk 
management defines a risk management plan which is implemented during the 
execution of the software project. 
The estimated cost is regarded as the most important component of software projects, 
and reliable cost estimation is critical for the development of software projects. Strategic 
management decisions for the development of software projects influence the estimated 
cost as different strategic management plans present different effort paradigms, which 
translate into difference in costs. Researchers have argued that the estimated cost should 
be integrated with the risk of software projects [FA95] [KK97] [GR10]. The cost of a 
software projects is defined in man-months effort needed to complete said project 
because effort is the main monetary investment in software projects. Therefore, the cost 
and effort represents the same attribute of software projects. The cost estimation model 
estimates the cost (effort) in man-months. Software cost estimation provides critical 
pieces of information about the cost and, integrated with risk, the estimated cost 
becomes a vital resource for strategic decision making for the development of software 
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projects. The chapter discusses COCOMO and COCOMO-II cost estimation models of 
software projects. 
Financial models are based on probabilistic notations, which can be mapped to 
software engineering processes and methods. Therefore, using analogies, financial 
models can be adopted to model the processes for the development of software projects. 
Analogies from economic and financial concepts have been used in the past for the 
development models of software projects [BU05] [HL07] [KI05]. The concept of risk 
measure for software development projects is adopted from the financial domain, and 
different financial risk measure models are studied. The financial risk measurement 
helps to gauge the risk in the specified units of cost, where different investment 
strategies produce different values of financial risk measure.  Therefore, financial risk 
measurement is a tool which helps to understand the impact of strategic decisions on the 
financial investments based on quantitative measures of risk. In addition, financial risk 
measurement facilitates the estimation of financial contingency capital; therefore, this 
chapter discusses a financial contingency estimation model. Furthermore, the chapter 
explores traditional software contingency estimation models and, based on analogies 
from financial contingency estimation models, suggests ways for the further 
development of these models. 
Additionally, the chapter discusses the evolutionary path of financial risk modeling 
and shows that the latest development in financial modeling is dynamic risk modeling. 
The chapter maps the evolution of financial risk modeling with the development paths 
of software risk assessment models and concludes that the next step in software risk 
assessment should be dynamic risk modeling. 
Project management planning reveals the budget and the schedule of software 
projects. Developing a project schedule typically involves identifying different phases of 
a project, as well as their sequence within the development which will allow them to 
meet the goals of the software project. The scheduling of the project is based on the 
estimated effort that is required to complete the work of each phase of the software 
project. The schedule of the project is dependent upon how project phases are modeled 
in the project management planning process. Effective scheduling is critical to the 
success of the project and is a key input for project budgeting. 
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2.1. Models for Software Projects 
2.1.1. Software Development Process Models 
2.1.1.1. Software Development Processes 
The software development process is a methodology of software development, which 
defines stages that software development activities should adopt. A number of software 
development processes have been proposed, i.e., waterfall, spiral (incremental and iterative), 
and rapid [WY06].  
Each software development process model divides software development phases in 
different ways, and each process puts the emphasis on different development phases. 
Figure 2.1 shows an overview of software development phases as they are represented 
by software process models. For example, the waterfall model defines a transaction into 
the next development phase only after the current phase is considered complete; 
therefore, there is no feedback to any previous phases. The waterfall model for project 
development is suitable in an environment where project requirements are well 
understood by all stakeholders and proven technologies are being used.  
 
Waterfall Models 
Spiral (Incremental, Iterative) Models 
Design Develop Test Release Integrate 
Design Develop Test Release Integrate 
Rapid Models 
Design Develop Test Integrate Release 
Figure 2.1: Phases Overview of Software Development Process Models [WY06] 
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The spiral (incremental and iterative) models for project management require visiting 
the phases throughout the lifecycle of the project, and as requirements are changed or a 
new set of requirements are added, the spiral model goes back to the phases where 
requirements are gathered. Spiral models are iterative and incremental, and they utilize 
feedback. 
The latest development in project development models is the rapid development 
model, which focuses on communication rather than on planning; as a consequence of 
this, the software project design continues to evolve throughout the project lifecycle. The 
rapid development model puts the emphasis on the develop phase rather than on the 
design phase where the design phase continuously evolves during the software 
development. An example of such a model is the agile development model. The project 
manager develops the overall plan based on the basic requirements of the project, and 
the project is developed incrementally and iteratively, whereas the detail planning is 
done by the project team members. The each iteration of the project development is a 
complete project lifecycle. The product continues to be built incrementally, passing 
through different iteration phases. 
2.1.1.2. Simulation models of Software Development Processes 
The foundation work for the simulation of software development processes was 
carried out by Morecroft and Abdel-Hamid [MC83]. They proposed a generic simulation 
model based on System Dynamics (SD) [RO96]. Their model was further developed by 
Abdel-Hamid, et al.  [AB89].  
Raymond [MD94] proposed a simulation model based on SD technique with a 
particular interest on modeling the effects of performing inspections during the software 
development process. 
Konstantinos et al. [KO07] proposed a simulation model, based on the Discrete Event 
Simulation (DES) technique [LE05] to simulate different software development phases 
(adopted from the waterfall software development model [BO88]). Each phase of the 
software project transitions to the next phase in an orderly sequence. 
More recently, hybrid simulation models have been proposed by integrating the SD 
and the DES models; for example, Ruiz et al. [RU04] presented a hybrid process 
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simulation model to simulate the Capability Maturity Model (CMM) for software 
development and suggested possible improvements in the CMM model. 
2.1.2. Software Cost Estimation Models 
Estimating the cost of software projects is the process of establishing the amount of 
effort required to complete the software project. Researchers have proposed various cost 
estimation models for software projects [KR03] [AL08] [JK09] [SO09] [BO81] [MG07].  
Among all the software cost-estimation models, the Constructive Cost Model 
(COCOMO) gained widespread acceptance and is widely used for estimating the cost of 
software projects. COCOMO was first introduced by Boehm [BO81] to estimate the man-
month effort required to complete a software project. COCOMO is a regression-based 
model and was deduced from a study of 63 software projects of different sizes and using 
different programming languages. COCOMO is a collection of three base models, 
namely: Basic, Intermediate and Advanced. The Basic model is applied early in the project 
lifecycle, the Intermediate model is applied after software requirements are specified, and 
the Advanced model is applied after the software design is frozen. COCOMO produces 
an estimate of software effort in man-months, which translates into the estimated cost of 
a software project. The derived regression equation for COCOMO is as follows: 
      
                 (2.1)  
where   is the effort in man-months,   represents the software size in kilo lines of logical 
source code (KLOC),     is the effort adjustment factor which is the product of fifteen 
software cost drivers, and    and    are the derived regression constants dependent 
upon the software development model as shown in Table 2.1.  
Boehm defines three software development modes as [BO81]: 
1. Organic mode: small software projects being developed by small software 
development teams using informal software development processes and 
requirements. 
2. Semi-detached mode: software projects in which multiple software development 
teams work following well defined processes and requirements. 
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3. Embedded mode: software development projects that strictly follow well-defined 
software development processes and requirements. 
The     value for the basic model is 1, while for the intermediate model,      is a 
product of fifteen cost drivers grouped into four categories: Product, Computer, Personnel 
and Project as shown in Table 2.2. 
Table 2.1: Regression Constant for Software three Project Modes [BO81] 
Mode 
Basic Intermediate 
            
Organic 2.4 1.05 3.2 1.05 
Semi-detached 3.0 1.12 3.0 1.12 
Embedded 3.6 1.20 2.8 1.20 
 
Table 2.2:     COCOMO Cost Drivers [BO81] 
Category Cost Driver 
Ratings 
Very 
Low 
Low Nominal High Very 
High 
Ultra 
High 
Product 
Required Software 
Reliability 
0.75 0.88 1.00 1.15 1.40 - 
Size of 
Application Database 
 0.94 1.00 1.08 1.16 - 
Product Complexity 0.70 0.85 1.00 1.15 1.30 1.65 
Computer 
Execution Time 
Constraints 
- - 1.00 1.11 1.30 1.66 
Storage Constraint - - 1.00 1.06 1.21 1.56 
Virtual Machine 
Volatility 
- 0.87 1.00 1.15 1.30 - 
Computer 
Turnaround Time 
- 0.87 1.00 1.07 1.15 - 
Personnel 
Analyst Capability 1.46 1.19 1.00 0.86 0.71 - 
Applications 
Experience 
1.29 1.13 1.00 0.91 0.82 - 
Capability of 
Software Engineer 
1.42 1.17 1.00 0.86 0.70 - 
Virtual Machine 
Experience 
1.21 1.10 1.00 0.90 - - 
Language Experience 1.14 1.07 1.00 0.95 - - 
Project 
Software Engineering 
Practices 
1.24 1.10 1.00 0.91 0.83 - 
Software Tools 1.24 1.10 1.00 0.91 0.82 - 
Development 
Schedule 
1.23 1.08 1.00 1.04 1.10 - 
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The Advanced model applies the Intermediate model to four predefined phases of the 
software project called: Product Design, Detailed Design, Code and Unit Test and Integration 
and Test phases.  
COCOMO-II [BO00] [BO10] is the latest version of COCOMO, which was developed 
to address the needs of a rapidly changing software development industry, and it 
estimates the effort and schedule for a variety of different software development 
practices. COCOMO-II is a collection of three tailorable models, which are used during 
different development stages of the lifecycle of a software project. These stages are 
defined as the Application Composition, Early Design and Post Architecture models. The 
Application Composition model defines software prototyping; additionally, it focuses on 
the system and software interaction, performance and other high-risk areas. The effort 
for these activities is best estimated with the Application Composition model of COCOMO-
II. The next stage in the software project is handled with the Early Design model, which 
focuses on issues more advanced than the prototyping. For example, the model proposes 
different alternatives of the software and system. The Post Architecture model deals with 
the actual software development. By this stage, a project development lifecycle has been 
developed, and risks inherited in software projects are understood and established. 
The base COCOMO-II is the same as the COCOMO defined in equation 2.1, except 
that    is a constant set to        , and    is the scaling factor estiametd as follows: 
              ∑   
 
                 (2.2) 
Where   are the 5 weighted parameters selected from Table 2.3. COCOMO-II treats 
the software size,  , as the kilo lines of delivered source code (KDOC) that represents the 
logical source code; so,  if-else is considered as a single line, as opposed to  several lines.  
Table 2.3: Scale parameters (  ) for COCOMO-II [BO00] 
   Very 
Low 
Low Nominal High Very 
High 
Extra 
High 
Precedentedness PREC 4.05 3.24 2.43 1.62 0.81 0 
Development Flexibility FLEX 6.07 4.86 3.64 2.43 1.21 0 
Architecture / Risk 
Resolution 
RESL 4.22 3.38 2.53 1.69 0.84 0 
Team Cohesion TEAM 4.94 3.95 2.97 1.98 0.99 0 
Process Maturity PMAT 4.54 3.64 2.73 1.82 0.91 0 
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The description of COCOMO-II cost drivers are given in Table 2.4. COCOMO-II uses 
different sets of     cost drivers for Early Design and Post Architecture models. The Post 
Architecture Model uses all 17 cost drivers, listed in Table 2.5. The Early Design model 
only uses 7     cost drivers, as shown in Table 2.6. 
Table 2.4: COCOMO-II Cost factor Symbols and Descriptions [BO00] 
Symbol Description 
RELY Required Software Reliability 
DATA Database Size 
CPLX Product Complexity 
RUSE Required Reusability 
DOCU Documentation to match lifecycle needs 
TIME Execution Time Constraint 
STOR Main Storage Constraint 
PVOL Platform Volatility 
ACAP Analyst Capability 
PCAP Programmer Capability 
PCON Personnel continuity 
AEXP Applications Experience 
PEXP Platform Experience 
LTEX  Language and Tool Experience 
TOOL Use of Software Tools 
SITE Multi-site operations 
SCED Required Development Schedule 
 
Researchers have modeled the size parameter,  , of COCOMO (equation 2.1) as a 
random parameter and have used probabilistic models to represent the size of the 
software projects. For example, Fairley [FA95] modeled the software project size,  , with 
a positively skewed Gamma distribution [MO07]. Since the minimum size of software 
projects is bounded with zero, and the maximum size of software projects is unbounded, 
positively skewed Gamma distributions are suitable to model the software size because of 
the presence of the heavy tail right side of the positively skewed Gamma distribution, 
which extends to unbounded values. 
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Table 2.5: COCOMO-II Cost Drivers [BO00] 
Cost 
Drivers 
Very 
Low 
Low Nominal High Very 
High 
Extra 
High 
RELY 0.75 0.88 1 1.15 1.15   
DATA   0.93 1 1.09 1.19   
CPLX 0.75 0.88 1 1.15 1.3 1.66 
RUSE   0.91 1 1.14 1.29 1.49 
DOCU 0.89 0.95 1 1.06 1.13   
TIME     1 1.11 1.31 1.67 
STOR     1 1.06 1.21 1.57 
PVOL   0.87 1 1.15 1.3   
ACAP 1.5 1.22 1 0.83 0.67   
PCAP 1.37 1.16 1 0.87 0.74   
PCON 1.24 1.1 1 0.92 0.84   
AEXP 1.22 1.1 1 0.89 0.81   
PEXP 1.25 1.12 1 0.88 0.81   
LTEX 1.22 1.1 1 0.91 0.84   
TOOL 1.24 1.12 1 0.86 0.72   
SITE 1.25 1.1 1 0.92 0.84 0.78 
SCED 1.29 1.1 1 1 1   
 
 
Table 2.6: Cost Driver of Early Design Model [BO00] 
 Cost Drivers Counter parts in Post- Architecture Model 
RCPX RELY,DATA,CPLX,DOCU 
RUSE RUSE 
PDIF TIME,STOR,PVOL 
PERS ACAP,PCAP,PCON 
PREX AEXP,PEXP,LTEX 
FCIL TOOL,SITE 
SCED SCED 
 
 
2.1.3. Software Risk Management Models 
The roots of risk management are based on the probability and uncertainty theory as 
related to Bernoulli’s expected utility theory [BO54], which discusses how people make 
choices among different alternatives based on the expected utility. The risk management 
defines a set of activities to model and manage risks associated with software projects, as 
well as how and when those activities should be conducted. There are various risk 
management models available for software projects; some risk management models are 
discussed in this section.  
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Barry Boehm proposed a risk management model for software projects [BO91]. The 
model splits software risk management into primary and secondary risk management 
steps where each step is further divided into three subsidiary steps. The primary step is 
called risk assessment and involves subsidiary steps of risk identification, risk analysis 
and risk prioritization. The secondary step is risk control, which involves subsidiary steps 
of risk management planning, risk resolution and risk monitoring. The risk management 
process flows from the primary step to its subsidiary steps and then from the secondary 
step to its subsidiary steps as illustrated in Figure 2.2. 
 
Risk Management 
Risk 
Assessment 
Risk 
Control 
Risk Identification 
Risk Analysis 
Risk Prioritization 
 
Checklists 
Decision Analysis 
Assumption Analysis 
Decomposition 
 
Performance models 
Cost Models 
Network Analysis 
Decision Analysis 
Quality Analysis 
 
Risk Exposure 
Risk Leverage 
Compound Risk 
 
Buying Information 
Risk Avoidance 
Risk Transfer 
Risk Reduction 
Element Planning 
Plan Integration 
 
Risk Planning 
Risk Resolution 
Risk Monitoring 
 
Prototypes 
Simulations 
Benchmarks 
Analysis 
Staffing 
 
Milestone Tracking 
Top 10 Tracking 
Risk reassessment 
Corrective Action 
 
Figure 2.2: Boehm’s Risk Management Model [BO91] 
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The Software Engineering Institute (SEI) presented a six-phased risk management 
model for software projects, the phases of which occur sequentially [WI99] [DO96] 
[HI96]. These phases are: Identify, Analyze, Plan, Track, Control and Communication. The 
SEI risk management model concurrently allows new risk events to be identified and 
analyzed; this way, the risk management activity occurs continuously and iteratively 
throughout the project lifetime as shown in Figure 2.3. 
 
Figure 2.3: SEI Six Phase Risk Management Framework [HI96] 
  
Another celebrated risk management model for software projects is the Risk 
Management Guidelines of the Capability Maturity Model Integration (CMMI) [TE06]. 
CMMI divides risk management into three categories: defining a risk management 
strategy, identifying and analyzing risk, and implementing a risk mitigation plan for the 
identified risks (as shown in Table 2.7). Each category has multiple guidelines to help 
software practitioners during the risk management of the software project. Risk 
assessment of the software project is performed in CMMI maturity level 3, where risk 
events are evaluated and their impacts and probabilities are established. 
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Table 2.7: CMMI Risk Management Steps [TE06] 
CMMI Risk Management Plan – Maturity Level 3 
1: Prepare For Risk 
Management 
2: Identify and Analyze 
Risks 
3: Mitigate Risks 
A: Determine Risk Sources 
and Categories 
A: Identify Risks A: Develop Risk 
Mitigation Plans 
B: Define Risk Parameters B: Evaluate, Categorize, 
and prioritize Risks 
B: Implement Risk 
Mitigation Plans 
C: Establish Risk 
Management Strategy 
  
The Project Management Institute (PMI) describes risk management as a process to 
“increase the probability of impact of positive events and decrease the probability and 
impact of adverse events to the project” [PM04]. The PMI further describes project risk as 
an uncertain event or condition that, if it occurs, has a positive or negative effect on at 
least one project objective such as time, cost, scope, or quality. It defines a sequential 
model for project risk management, which is equally applicable to software projects. This 
sequential model consists of risk management planning, risk identification, qualitative 
and quantitative risk analysis, risk response planning and risk monitoring/control, as 
shown in Figure 2.4. 
The PMI risk management model further explains the flow of risk management 
activities where all the activities occur in the sequence as described by the PMI model. 
Risk assessment is performed in the sequence of quantitative risk analysis, which 
involves determining the impact of risk events together with their probabilities, helping 
to determine the impact of a risk within a certain probability. 
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 2.1.4. Software Risk Assessment Models 
Risk assessment is an integral part of software risk management, which deals with the 
quantitative analysis of the impact and probability of risk events. There are various risk 
assessment models available for software projects [BR01] [FA95] [RA05] [DG08] [HU07] 
[FC04] [FO00] [RA05] [HO09]. Some of these risk assessment models for software 
projects are discussed here. 
Figure 2.4: PMI Risk Management Framework [PM04] 
Project Risk 
Management 
1. Risk Management 
Planning 
1. Inputs 
a. Environment Factor 
b. Process Assets 
c. Scope Statement 
d. Project Plan 
2. Tools 
a. Planning Analysis 
3. Outputs 
a. Risk Management Plan 
2. Risk Identification 
1. Inputs 
a. Environment Factor 
b. Process Assets 
c. Project Scope  
d. Risk Management Plan 
e. Project Plan 
2. Tools 
a. Documentation 
b. Information 
c. Checklists 
d. Assumptions 
e. Diagramming 
3. Outputs 
a. Risk Register 
3. Qualitative Risk Analysis 
1. Inputs 
a. Process Assets 
b. Project Scope 
c. Risk Management Plan 
d. Risk Register 
2. Tools 
a. Risk Probability Assessment 
b. Impact Matrix 
c. Data Assessment 
d. Categorizations 
3. Outputs 
a. Risk Register (updates) 
4. Quantitative Risk 
Analysis 
1. Inputs 
a. Process Assets 
b. Project Scope 
c. Risk Management Plan 
d. Risk Register 
e. Project Management Plan 
2. Tools 
a. Data Gathering 
b. Quantitative Risk 
Analysis 
3. Outputs 
a. Risk Register (updates) 
5. Risk Response Planning 
1. Inputs 
a. Risk Management Plan 
b. Risk Register 
2. Tools 
a. Risk Strategies negative 
b. Risk Strategies positive 
c. Strategies Threat/Opportunity 
d. Contingent Response Strategy 
3. Outputs 
a. Risk Register (update) 
b. Project Management Plan 
(update) 
c. Risk Contractual agreement 
6. Risk Monitoring and Control 
1. Inputs 
a. Risk Management plan 
b. Risk Register 
c. Approved Changes 
d. Work Performance 
e. Performance report 
2. Tools 
a. Risk Assessment 
b. Risk audits 
c. Variance Analysis 
d. Performance Analysis 
e. Reserve Analysis 
f. Status Report 
3. Outputs 
a. Risk Register (update) 
b. Requested Changes 
c. Corrective Actions 
d. Preventive Actions 
e. Process Assets 
f. Project Plan (updates) 
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The software risk assessment model, proposed by Fairley [FA95], integrates software 
risk assessment with cost estimation, where estimation of cost is conducted using the 
Constructive Cost Model (COCOMO) [BO81]. COCOMO estimates the cost integrated 
with the risk. The risks are identified using a predefined table of risk parameters for the 
software project that are called cost drivers, where each cost driver has pre-assigned 
impact values. The software manager selects the cost drivers and chooses their impact 
value on the estimated cost of the software project. Fairley modeled some of the risk 
parameters using probabilistic models and used a Monte Carlo simulation of COCOMO 
that generated a model of the cost. Running the Monte Carlo simulation a few hundred 
times generated a histogram of the cost integrated with the risk. 
Say-Wei et al. [FO00] presented a risk assessment model for software projects by using 
a questionnaire to identify the risk events. The questionnaire consisted of nine different 
categories of risk and the probability for each risk event,   , was assessed through a set of 
questions in the questionnaire. The questionnaire provided three choices for a specific 
question, where each choice was mapped on a scale of 1-3, with 1 being the least and 3 
being the highest risk impact. The numerical values from all the questions related to a 
risk event were accumulated and normalized by dividing by the number of questions. 
The impact,   , of each risk event is scaled by a weight factor,   , where each weight 
factor corresponds to different types of software projects. The overall software project 
risk level,  , is obtained through,   ∑      
 
   , which is normalized as follows: 
   
      
         
     (2.3) 
Where      and      are the minimum and maximum risk when answers to all the 
questions are 1 and 3, respectively.    is the normalized overall risk level of the software 
project on a scale of [0-1], which is referred to as the risk of the software project. Finally, 
the impact of risk on the quality, schedule and cost of the software project are assessed. 
Risk assessment models based on the learning algorithms have also been explored for 
software projects [HU07]. 
2.1.5. Software Risk Measurement Model 
Managers of software projects use the risk exposure (  ) to measure the risk inherent 
in the development of a software project [PF06] [BO81]. The risk exposure is the product 
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of the estimated loss ( ) due to the occurrence of a risk event and the probability (  ) of 
the occurrence of the risk event and is therefore expressed as follows: 
                      (2.4) 
The risk events associated to a software project can be differentiated based on their 
measure of   , which helps device risk management plans that would abate these 
identified risk events. Boehm [BO91] showed that different risk assumptions in the 
development of software projects result in different    measurements.  
2.1.6. Software Contingency Estimation Models 
Risk events bring adverse monetary consequences that cause shortfalls in estimated 
costs of software projects [DM03] [KU02]. Contingency resources provide a buffer 
against such cost shortfalls and safeguard software projects against risk events [KI03] 
[JN00] [BN08]. Therefore, software project managers need appropriate contingency 
resources in order to better manage the organizational resources. Contingency 
estimation plays a fundamental role in defining management policies to deal with risk 
events, as adverse effects of risk events are managed through appropriate allocation of 
contingency resources. Researchers have attempted to estimate contingency resources 
needed for the development of software projects. 
Contingency estimation is about effective cost estimation [AL08] [TI06], as well as risk 
management involving risk identification and risk assessment mechanisms [BE94]. 
Contingency planning ensures proper understanding of the risk associated with 
software projects, and this risk awareness brings confidence and professionalism to 
software projects [TO88]. 
Contingency resources are represented either in man-months or in monetary units of 
cost which are required to complete a software project. The effort and cost are directly 
related as man-months translate into monetary values of cost [FA95].  
The estimation and allocation of contingency resources allow software organizations 
to take calculated risks, which influence the scope, schedule, quality, and cost of 
software projects. Therefore, estimation and management of contingency resources is 
vital for the successful development of software projects. 
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Estimated contingency resources for software projects are not always fully utilized, 
since some risk events may not occur during any development phase of software 
projects. Therefore, the contingency resources are best managed and utilized for a 
portfolio of software projects, since few projects of the portfolio may necessitate the use 
of contingency reserves [BN08] [KI03]. 
Kitchenham et al. [KI97] define the source of uncertainty in the cost estimation, 
assumptions and tools as a risk to software projects. They suggest the deployment of 
contingency resources to deal with uncertainties of software projects. This contingency 
estimation model focuses on the risk associated with the uncertainties in the estimations, 
tools, and processes, while the other forms of risk events are not considered; hence, the 
model has a limited and specific focus. 
Kansala’s [KK97] contingency estimation model is based on a single-value 
quantification of risk, which is used to estimate the contingency resources. The estimated 
contingency resources are added to the estimated cost of the software project. The single-
value representations of risk and estimated cost of software projects produce unreliable 
estimates [KI97]. Hence, contingency estimates based on unreliable risk and cost 
estimates produce unreliable contingency estimates. 
Jantzen et al. [JT06] model the impact of risk events using percentages between the 
ranges of 1% to 5%; this percentage refers to the proportion a risk event increasing the 
estimated cost of the software project. The probability of the risk event is selected from 
five possible values ranging from 15% to 85%, and the contingency resources are defined 
as the product of the impact and probability of risk events. This model takes into account 
a few chosen values of impacts and probabilities of risk events; furthermore, this model 
focuses on a single project. In addition, the estimated contingency is added to the 
estimated cost of the software project. 
Armstrong et al. [GI01] represent the estimated cost of a software project as a Gaussian 
distribution, segmented into four zones labeled as impossible, optimistic, probable, and 
conservative. Only the conservative cost estimates of the software project are dealt with 
regarding contingency resources. Armstrong et al. suggest that the scope of the software 
project and risk events shifts the software cost distribution into the conservative cost 
zone. Risks to the software project are profiled based on their impact and probability, 
and contingency is allocated based on the risk event having a severe impact with a high 
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probability of occurrence. The boundaries of risk severity and probability are left to the 
software project manager to define, depending on the risk thresholds of the 
organization. 
Fairley [FA95] defines contingency as a percentile of the distribution of the estimated 
cost of a software project, whereas the cost distribution is estimated using the 
Constructive Cost Model (COCOMO). The COCOMO cost drivers are treated as the risk 
events of the software project, where some cost drivers are modeled with probability 
distributions. The Monte Carlo simulation selects samples of software project size, along 
with the impacts of the risk events from the respective distributions, and constructs the 
distribution of the estimated cost of the software project. Then, the contingency estimate 
is a certain percentile of the estimated cost distribution. This model suffers from the fact 
that percentile values taken from skewed probability distributions provide misleading 
estimates; this problem will be further elaborated upon in section 4.3. Fairley noted that 
software practitioners fund software projects with 70% probability of the estimated cost 
and commit up to 90% probability of the estimated cost, whereas 20% of the difference 
comes from the contingency reserves set aside for the software project. 
Kitchenham et al. [KI03] presented a contingency estimation model for software 
projects based on an insurance premium model where the contingency resources are 
represented with a probability distribution. They suggest using the contingency 
resources to handle risk events that are unknown and not included in the software 
project plan; however, when the nature and impact of risk events are unknown, the 
amount of contingency resources required to handle such risk events cannot be justified. 
Boukendour [BU05] presented a model based on stock option theory for estimating 
contingency resources needed for software projects. The model is based on the notion 
that more accurate software cost estimates require less contingency resources. 
Boukendour demonstrated that reducing risks of a software project contributes to the 
reduction in the overall contingency resources of the software project. This model is 
based on a single point cost and contingency estimates; hence, is most likely to provide 
unreliable contingency estimates [KI97]. 
Briand et al. [BR98] presented a hybrid model that consists of cost estimation, risk 
assessment, and cost overhead estimation models for software projects. The cost overhead 
is defined as the additional percentage of the cost required in addition to the estimated 
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cost; the estimated overhead cost is added to the estimated cost of the software project. 
The impacts of risk events and cost overhead estimations are mapped onto a triangular 
distribution where the mean of the triangular distribution determines risk impacts and 
cost overheads. Triangular distribution suffers from sympatric bias and produces large 
means when the maximum of the distribution is large [DV08]. This fact is obvious from 
their case study, where the triangular distribution estimates 214% of cost overhead. They 
suggest that the estimates are pessimistic, which means the estimates are more than the 
actual value; however, this argument contradicts the choice of triangular distribution. 
Furthermore, when the estimated cost overhead is added to the software project cost, it 
makes this approach unusable for a portfolio of software projects because adding large 
amounts of estimated cost overhead for each software project to the cost of the portfolio 
would produce unrealistic estimates, since not all software projects within the portfolio 
may require cost overhead. 
2.2. Simulation Models 
2.2.1. Simulation Models for Software Projects 
The design and development of large-scale software projects consists of complex, 
interconnected processes that face the risk of cost and schedule overruns, as well as low 
quality. Therefore, modeling of the software development project through different 
simulation techniques is gaining interest among academics and practitioners in order to 
model the complexities of the software development processes in an attempt to 
understand and manage these processes [KL99] [KO07] [MC83] [AB89]. 
Simulation models facilitate the overseeing of key strategic project parameters; hence, 
they provide effective support for managerial control and management of projects, 
which helps project managers determine what management decisions are the best to 
manage, control and abate the risk. 
Simulation models provide quantitative information that is mapped to qualitative 
information, which is critical for decision design and decision selection; and are 
regarded as tools of problem understanding and problem solving. The benefits of using 
simulation models for software management processes are numerous. For example, a 
simulation model can provide insights into which changes are beneficial for a software 
project; rather than implementing changes directly into the real software development 
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process, modeling reduces the risk of making poor management decisions. The process 
of model building itself facilitates better understanding of the processes being modeled 
and helps to identify possible improvements [HP98] [DE99]. 
The simulation of strategic parameters for software projects provides vital 
information needed to answer key questions, which are specified along with the purpose 
of the model. The most typical variables to observe in a software development process 
through simulation and modeling include: cost/effort, risk, schedule, quality and 
specification [KL99]. 
Software development processes are defined as a set of activities, methods and 
practices to develop and manage a software project. A simulation model of software 
processes focuses on a specific software development and management process and 
simulates different components and features of the software development process 
[KO07]. Simulation models are used in variety of different capacities; it suggests 
improvements in the processes being modeled; it enables insights into different critical 
parameters of the processes. Simulation models, for software processes are utilized in 
variety of ways, including strategic management of software projects. Software 
managers are often faced with decisions of strategic importance; simulation models can 
provide vital information of the effects of different strategic decisions on different 
strategic parameters of software projects. Table 2.8 expresses different situations which 
arise during software development where simulation models of software process are 
effective [KL99]. 
Kellner et al. [KL99] laid out guidelines for building simulation models for software 
development processes. They suggested that software process models should be user 
friendly with better representation and guidance for easy adaptation by academics and 
software practitioners in order to promote further research and validation of these 
models. Additionally, the software process simulation models should have generic 
components (i.e., plug-and-play) so that any set of tools and methods could be combined 
to construct simulation models. The main drawback of traditional software process 
simulation models is that they are not user friendly. These models are constructed 
without giving much insight into the construction details of the simulation models. 
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 Table 2.8: Simulation purposes 
Simulation purpose Offered help 
 Strategic Management  Decision-making support 
 Planning  Forecasting and estimation 
 Control and operational 
management 
 Project parameter monitoring and 
control 
 Process improvement and 
adoption 
 Improve software practices and suggest 
changes 
 Process understanding  Enhance understanding of processes 
 Training and learning  Gaining insight into the process for 
learning 
2.2.2. Simulation Models for Software Strategic Management 
Software development organizations and researchers are spending tremendous 
amounts of time and effort trying to simulate the software development processes in an 
attempt to understand and manage these processes [KL99] [KO07] [MC83] [AB89]. 
Traditional software process simulation models largely deal with the planning, control, 
improvement and training of software processes, while, simulation models to support 
strategic management of software projects have not received much attention. 
2.2.2.1. Strategic Management Process Models 
Kiper et. al. [KP05] presented a risk and cost analysis model to support the strategic 
decision making for software development projects. They discussed two approaches to 
attain the data early in the project lifecycle, which can support the decision-making 
process: expert opinion and historical data from similar projects. The decision making is 
based on the cost-effective selection from different risk mitigation alternatives. The cost 
data in this model is based on expert opinion and the treatment of risk is over-simplistic. 
In-addition, these parameters are based on single-value representations, which is 
regarded as uncertain. 
Willford and Chang [WF99] discussed a strategy planning model for the IT 
development of an organization. They relied on a system dynamics approach for 
modeling and used a proprietary application for the simulation of the model. The main 
objective of the strategic modeling was to generate five year budgeting and staffing 
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projections for the IT operations. This model focused on the business strategy and 
models the environment of a specific organization. 
Kakihara [KA06] discussed three strategic business development approaches 
(position, resources and simple rule), and adopted the “simple rule” approach for the 
strategic development and management of an internet software company. He argues 
that internet services are always evolving due to market and technological changes; 
therefore, internet software never attains a “finished” status. Due to this continuous 
development activity and harsh changes in the scope and requirements of the software, 
the simple rule strategy for development is the best option, contrary to other models 
which require formally defined project development phases. 
2.2.2.2. Strategic Decision Parameters 
Strategic decisions are long-term decisions; they deal with the overall planning of the 
project. Strategic decisions are taken in accordance with the mission and vision of the 
organization and provide guidelines for the overall management of software projects 
[PP97]. The strategic management process for software projects defines planning, 
evaluation and execution of strategic decisions [NA01]. Strategic management process 
for software projects maps qualitative information of project development strategies 
onto quantitative information of strategic parameters. Therefore, the simulation of the 
strategic management process brings out the tradeoffs of different strategic parameters 
under different project strategies. Simulation models of strategic management processes 
provide support in decision making by identifying what decisions are beneficial for the 
development of a software project. Therefore, rather than implementing strategic 
management decisions directly during the real software development process, modeling 
reduces the risk of making wrong decisions [DE99] [LW91].  
Based on the assessment of risk, corrective actions are taken during different stages of 
the development of software projects. Corrective actions ensure the implementation and 
execution of strategic management decisions by reducing the associated risk. For 
example, when an organization takes a strategic decision to train additional staff to test 
the software, the corrective actions ensure the proper implementation of the strategic 
decision by allocating the number of software personnel needed for testing the software. 
Strategic management focuses on certain parameters of strategic importance [SH99]; 
an important consideration in the strategic management process is the effects of strategic 
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decisions on the parameters of strategic importance. These effects vary during different 
phases of development due to variations in the risk as the software project completes 
different development phases.  
This raises a question: what parameters are of strategic importance for the strategic 
management of software projects? Researchers have identified the cost of software as the 
most important parameter of the software project as it is directly related to other 
parameters of the software project [PF06]. For example, project schedule can be reduced 
by adding more resources, which then adds to the estimated cost. Similarly, software 
quality could be compromised by less testing and saving some cost, or vice versa. 
Therefore, the cost captures the entire scope of all the parameters of software projects, 
and by managing the cost, other parameters of software projects can be managed. 
Therefore, the cost of software projects, integrated with the risk is defined as a factor of 
strategic importance for the strategic management of software projects [RE04] [LC94] 
[CS08]. 
The strategic management process undertakes strategic decisions that are mapped to 
the cost and risk of the software project. Therefore, implementation and execution of 
strategic decisions are reflected in the cost and risk of software projects. Strategic 
decisions, cost and risk are interrelated, such that each strategic decision has a different 
set of risk that requires different cost commitments.  
Software project managers do not like to deal with probabilistic notations; rather, they 
desire single-value representations for the decision making process of software projects 
[KI97]. Therefore, from the estimated probability model of the cost,  , two single-value 
parameters are derived, namely software risk measure and contingency estimation. These 
parameters capture the entire scope of the cost and risk of software projects. Through 
dynamic modeling of risk, different levels of risk measure and contingency estimates are 
identified for different phases of software projects. These are estimated based on the 
probabilistic confidence on the estimated cost,  . Each strategic decision has different 
sets of risk measure and contingency estimates. 
Today’s fast-changing market environment has pushed decision makers to seek out 
new methodologies for decision analysis, which requires a quick decision-making 
process to adjust to the dynamic changes. Therefore, presenting all the critical 
information in a single sheet to the decision makers is an effective decision analysis 
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method of decision making. The simulation model for the strategic management of 
software projects presents decision parameters on a single sheet to software managers to 
be used for project management planning and decision analysis [PG09]. 
2.3. Financial Models 
2.3.1. Financial Risk Modeling 
Often risk management and modeling is thought of as an element of finance; only 
recently is its adaptation in different fields recognized, and researchers are developing 
risk management models suitable for their specific field of interest. Financial 
organizations utilize simulation models to simulate risk associated with financial 
investments. Risk management in the field of finance mainly deals with quantitative 
assessment of risk. Contrary to that, risk management of software projects requires a 
process of risk management where risk assessment is a component within the risk 
management model. Financial risk modeling has evolved through four stages: Financial 
Budgeting, Sensitivity or Stress Testing, Stochastic Modeling and Dynamic Modeling [SC07].  
Financial Budgeting is a static model which uses only one set of assumptions to 
produce future financial projections of an organization. This enables the organization to 
define its future business plan and to make decisions based on its modeled future 
financial projections. As illustrated in Figure 2.5, the Financial Budgeting model 
provides only one projected path into the future. This representation is analogous to 
Boehm’s risk assessment model [BO91], which presents single views of risk events. 
The next evolutionary step in financial models allows them to incorporate different 
sets of assumptions defined within a specific range in order to provide the future 
financial projections of organizations. These models allow changing the assumptions 
within a specified range. These models are called Sensitivity and Stress Testing models 
and can be best described as models that incorporate best and worst scenarios and 
proceed to generate the expected future outcomes. 
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Figure 2.5: Financial Budgeting [SC07] 
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Figure 2.6: Sensitivity and Stress Testing [SC07] 
These models provide additional financial paths into the future as illustrated in 
Figure 2.6. This representation is analogous to the Kitchenham et al. [KI97] 
representation of risk for software projects as it provides assessments based on the 
optimum and expected values of the impact of risk events. 
When there are series of assumptions, it becomes difficult to decide which one is the 
optimum without understanding the difference between the possible outcomes and the 
probability of each outcome. The next stage of financial models, Stochastic Modeling, 
allows users to describe a series of assumptions and generates the possible outcome in 
terms of probability distribution rather than in terms of fixed values. Stochastic 
Modeling use computer simulations to generate futuristic financial projections, which 
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reflect the interrelationship of different parameters and their impact on the probability of 
the expected outcome as shown in Figure 2.7. This representation is equivalent to the 
Fairley’s [FA95] risk impact modelling that represents the impact of risk events using 
probabilistic models, which uses probabilistic notations to model the parameters of 
interest and deals with the probability of expected outputs.  
P
ro
ba
bi
li
ty
Estimated Capital
Expected Value
5% Probability 1
99
9
Bankruptcy
 
Figure 2.7: Stochastic Modeling [SC07] 
  
The most recent evolutionary step in financial modeling is dynamic modeling, which 
incorporates feedback loops into the model [SC07] [FE05] [PN08] [TP08]. Dynamic 
modeling allows management to intervene into the process in order to assess and adjust 
the project management decisions. In addition, dynamic models simulate alternate 
strategic decisions so as to generate different financial results, thus allowing 
comparisons of different financial results obtained by the modeling of different decisions 
for a financial investment. For example, updates in management decisions can change 
the shape of the probability distribution of the expected output over the period of next 
five years, as shown in Figure 2.8.  
Dynamic financial models are referred to as Dynamic Financial Analysis (DFA), 
which are simulation models that allow modeling of different financial management 
plans for financial investments. There is no software risk management model that is 
equivalent to the dynamic financial modeling. Therefore, the next evolutionary step in 
the risk management and assessment of software projects is the creation of dynamic risk 
modeling. 
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Figure 2.8: Dynamic Financial Modeling [SC07] 
Dynamic financial modeling allows management to intervene in the process with a 
different set of decisions; hence, some kind of intelligence is added into the model. For 
example, if a given assumption shows that the loss is unacceptably high for a financial 
firm, then the model will assume that management will inject more cash into the firm or 
scale down its operations. Figure 2.8 illustrates how a financial investment change under 
a management strategy is implemented to combat risk events over different periods of 
different time segments. 
2.3.2. Financial Contingency Estimation Models 
The main contribution of a financial risk measurement is to help settle the 
contingency capital needed to combat financial risk events [BN98]. Contingency capital is 
defined as reserved funds available to combat financial risk events to protect financial 
invertors. The financial contingency capital is the buffer capital between the current 
value of the investment (i.e., expectation,     ) and the financial risk measure,     , 
which is defined as follows [DN06] [SC07]:  
Financial Contingency=               (2.5) 
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2.3.3. Financial Risk Measure Models 
Financial investments are made by financial firms; the future net worth of a financial 
investment is random and is represented with random variables,  , having an 
underlying Gaussian distribution,         , where   is the mean and   is the standard 
deviation of the Gaussian distribution [MR96] [BN98]. The expectation,     , of the 
financial distribution,  , represents the current value of the financial investment,   . 
Financial investments are defined as           , where    represents the profits 
and    represents the losses of the financial investment such that          , 
         . Figure 2.9 shows a distribution of a financial investment normalized to 
zero expectation. The losses,   , of a financial investment,  , are depicted on the left tail 
of the distribution,         , of the financial investment. 
 
Figure 2.9: Distribution of the Financial Investment            [BN98] 
The impact of risk events is captured through the    portion of the financial 
investment,  . Financial risks are quantified through the shape of the distribution of the 
financial investment. Another way to quantify the financial risk beyond the shape of the 
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financial distribution is by means of financial risk measurement,      [BN98]. The 
financial risk measurement,     , operating on financial investment    is a function that 
assigns monetary values in terms of real numbers,   , to financial risk events. Financial 
risk measurement models focus on specific types of financial risk events [AC03]. 
In principle, the risk measure is chosen such that one can fairly be sure that the event 
       will not occur [SC07]. There are various financial risk measure models 
available. Two financial risk measure models gained widespread acceptance, namely 
Value-at Risk (VaR) [MR96] and Expected Shortfall (ES) [AC03]. The Expected Shortfall 
was introduced to overcome the weaknesses identified in the VaR model [AR99] [YA05]. 
The main weakness of the VaR model is that it violates the subadditive property. 
2.3.3.1. Value-at Risk (VaR) 
The VaR model measures the minimum monetary value of a financial investment at a 
given probabilistic bound,        . Therefore, the VaR is the maximum possible loss a 
financial investment,         , can experience at probability  . In other words, the VaR 
is the lowest     percentile monetary value of a financial investment,  , represented as 
        [CH04], 
                                          (2.6) 
Where         is the lower limit and         is the upper limit of the monetary 
value given the event, . 
VaR model does not comply with the subadditivity which is a characteristic that states 
that an estimate of the whole  should be less than, or at most equal to, the combined 
estimate of the individual parts; for example, for an estimate   of parts   and  , sub-
additivity dictates that                  [AC03] [LA03]. Consider a financial 
investment,  , that is divided into two investments,    and   , such that        ; 
then, the VaR model produces the following, which is a violation of the sub-additive 
property [AR99] [YA05]: 
                             (2.7) 
Fairley’s software cost and software contingency estimation models [FA95] and 
Kitchenham et al.’s contingency estimation model [KI03] are analogous to the VaR 
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model. These models take percentile values from the estimated software cost 
distribution; hence, they incorporate the subadditive weakness of the VaR model.  
2.3.3.2.  Expected Shortfall (ES) 
The ES deals with the expectation of losses caused by the risk events of a financial 
investment,         , beyond a probabilistic bound,         [AC03]. Therefore, rather 
than dealing with the     percentile of the distribution of the financial investment, 
        , the ES deals with the expectation of losses beyond the     percentile, 
represented as       , as expressed by following equation: 
        
    [  {    }]      [    ]              (2.8) 
where    is the  
    percentile of          and      is the indicator function. 
For a continuous financial investment distribution,  , the ES model expressed in 
equation (2.8) collapses to the following form: 
        
    [  {    }]       (2.9) 
Figure 2.10 shows a financial investment normalized to       , i.e.         , 
together with         and        at        and the contingency estimates using 
           and          . The lowest value of this financial investment,  , due to lowest 
5% of the losses, i.e.,       , using the VaR model, is           =$-41.12 million, which 
represents a 95% probability that the financial investment losses will remain above 
$41.12 million. However, the expectation of losses,          , beyond 5% of the losses is 
         =$-50.21 million, indicating a 95% probability that the expectation of losses is 
$50.21 million. 
The contingency resources needed using VaR, from equation (2.7), is      
           = 0-(-41.21) = $41.21 million, which is the amount needed to safeguard the 
investment against lowest 5% risk events. Conversely, the contingency estimate using ES 
is                = 0-(-50.21) = $50.21 million. 
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2.4. Dynamic Modeling 
This research focuses on modeling the relationship between strategic software 
management plans and risks inherit within those plans, enabling the estimation of 
strategic parameters, such as cost and risk, for different strategic management plans, 
where each plan suffers from different sets of risk and undergoes different dynamic 
variations throughout the development of the software project. The research proposes 
dynamic risk modeling to simulate the dynamic variations of strategic parameters, 
which helps software project managers in identifying the best strategic project 
management options. 
Dynamic modeling provides insight into futuristic events over varying periods of 
time through simulations. For example, through simulations, DFA helps financial policy 
makers adjust their financial investments to combat risk events and to maximize returns 
on their financial investments [SC07]. In the field of finance, the dynamic financial 
models are widely used by actuaries and financial analysts to model the future 
projections of their financial investments. While dynamic risk modelling is an evolving 
Figure 2.10: Financial investment normalized at        with VaR and ES at        
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standard in the field of finance [SC07], its application in other domains has not been fully 
evaluated and recognised. 
There have been efforts to define a dynamic structure for project management. Mauro 
et. al. [PN08] presented a dynamic risk management structure based on statistical 
assessments of risk taken at different times during the development of a project; relevant 
risk probabilities were assessed and analyzed, and corrective actions were deployed 
based on the new assessment.  
The fast-paced, dynamic environment of today’s software industry needs dynamic 
simulation tools. Therefore, based on the dynamic assessment of future risk, software 
organizations attempt to abate the risk by designing risk management decisions for 
different stages of development. Based on the feedback, corrective actions are defined, 
and the risk management plan is updated. This process is repeated during the 
simulation of different stages of the development. This forms a dynamic model with 
feedback, which updates the risk management plan throughout the software project 
lifecycle [FE05] [GA04] [TP08]. 
2.4.1. Dynamic vs. Static Processes 
 
There are fundamental differences in the dynamic and static processes; therefore, 
repeating a static process over time does not make the process a dynamic process. The 
main difference lies in how the changes in the state variables are modeled [FE05] 
[MD94]. In a dynamic model, the changes in the state variables are either continuous or 
discrete; repeating a static process lacks clear definition of software development stages 
in order to capture the changes in the state variables. Therefore, while dynamic models 
capture the changes in the state variables, static models bring a new set of values during 
each iteration of the development stages. This difference can be easily understood with 
the notion of memory and memory-less systems, where dynamic models can be 
regarded as systems or processes having memory of the previous stages while static 
processes, which are repeated overtime, are memory-less systems. 
Another fundamental difference is the feedback, which connects a point in the dynamic 
process with another point in the process. Often, it is the last point connected with the 
first point in the process so that the process could restart with the knowledge of the 
previous phase. While a static process does not have connectivity, if connectivity is just 
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assumed, it would still require arrangements to acknowledge the previous phases 
[SC07]. 
2.4.2. Modeling Techniques 
An important element in constructing simulation models is the selection of the 
modeling technique. The modeling technique should closely match the characteristics of 
the simulation model. Two modeling techniques are widely used for modeling the 
software processes, namely System Dynamics (SD) and Discrete Event Simulation (DES) 
[KR86]. The SD modeling technique is used for the modeling of systems and processes 
where system updates occur continuously, while the DES technique is used for the 
simulation of systems and processes that evolve over time at predefined steps.  
A simulation model-based DES modeling technique is both stochastic and dynamic, 
with the property that the system state variables change at predefined time segments 
only [LE05] [BA09]. Therefore, DES is concerned with systems that evolve over time and 
the state variables change at separate points in the predefined time horizon. DES is 
modeled with flow charts and is defined as a collection of entities that interact together 
towards the accomplishment of some logical end as it evolves over time where the 
variables change at discrete points in time [LW91] [SW99]. Monte Carlo simulation of a 
DES model helps to understand the changes in the probability distributions of an 
observed variable [KL99]. 
DES models are suitable to simulate software development processes that enable the 
management to gain insight into how a software development process might perform, or 
how the process might evolve if project parameters are modified during different phases 
(discrete steps) of the software projects. Thus, the DES-based simulation models give 
decision makers the ability to model and compare the performance of software 
development processes over a range of software development alternatives. 
For the simulation of a complex processes that require feedback mechanisms, the DES 
simulation enables a more usable alternative. Feedback is a mechanism that connects 
two points in a process and allows capturing the effects of changes at a point in the 
process onto the other point in the process. Therefore, feedback gauges the effects of 
management decisions made at a specific stage in the process to another stage of the 
process in complex and indirect ways [GA04] [TL05]. For example, the decision to 
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change the software testing resources at some phase in the development process of a 
software project can have multiple implications over other stages of the development 
process. 
The DES modeling technique is characterized by the following attributes: at least 
some of the system state variables are random; the system state variables evolve overtime 
(that is, they are stochastic); and changes in the system state variables occur at discrete 
time segments [HP98] [LE05] [SW99] [BA09]. Random means that the possible outcomes 
of state variables are known with known probabilities; hence, some outcomes are more 
probable than the others. A stochastic system evolves in time and changes in the system 
are governed by random state variables. Discrete systems allow stochastic changes at 
defined discrete steps. 
2.5. Discussions 
Traditional software development requires estimation of different parameters for the 
development of software projects. The importance of accurate estimates is documented 
in a wide range of studies. For instance, the Standish Group [JJ01] concludes that reliable 
estimation is among the top ten most important success parameters in software projects. 
Today’s software development activity uses a variety of different assessment and 
estimation models, which assist in the decision-making process for the development of 
software projects. Therefore, it is essential to learn from traditional models for software 
development projects and improve upon the existing capabilities. Therefore, this section 
how aims and objectives of this research work helps to improve the existing models for 
software development and management. 
2.5.1. Aim for strategic management framework 
Strategic management models for software projects discussed in the previous section 
need to be integrated with the overall software project development and planning in 
order to have an integrated framework of strategic management that can evaluate 
strategic decisions from different views, including assessment and estimation of 
parameters for project planning. Kiper et. al. [KP05] presented a risk based approach for 
strategic decision making for software projects, while other parameters of software 
projects should also be included. It is critical to simulate strategic management decisions, 
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as these decisions are taken in the early stages of software projects when all the critical 
information about a project is not available. Simulation of different strategic decisions 
under different scenarios helps to establish a quantitative basis from which to create 
strategic decisions which bring the maximum benefit to the organization. The 1st aim of 
this research work focuses on an integrated framework of strategic management and 
presents how different project management and development models can be integrated. 
An important element of further research and development is that the construction 
details of the proposed model should be presented so that researchers and academics 
can adopt the model for software development and research. This is achieved with 7th 
objective of this research work. Furthermore, the 8th objectives of this research work 
focus on the validation of the proposed model. 
It is learnt from the literature review that case-studies help to understand the 
behavior of the model in a real software development environment. The 10th objective of 
this research work focuses on presenting a case-study for the proposed model. 
2.5.2. Aim for dynamic modeling 
Dynamic variations in the impact of risk cause dynamic changes in the strategic 
parameters of software projects. Software development projects are dynamic activities 
where many parameters of the project change over time, causing all the assumptions and 
decisions that are based on a specific assessment of strategic project parameters to 
change. Understanding these variations in dynamic settings is essential to managing the 
software project in an effective and efficient way, safeguarding the software project from 
producing undesirable results. Hence, management and assessment models having 
dynamic capabilities are essential as they allow updates in project parameters based on 
the dynamic changes in the environment of software projects. In terms of probabilistic 
notations, the dynamic model captures the changes in the probabilistic representations of 
parameters during the course of a project. The risk impacts of software projects change 
dynamically during different development phases of software projects, which cause 
other parameters of the project to change accordingly, i.e., cost, contingency, budget and 
schedule. Therefore, dynamic modeling has become a desirable tool for the development 
of software projects. The 2nd aim of this research work focuses on the dynamic modeling 
for software development projects. 
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Collyer and Warren [CO09] presented different approaches that are currently being 
used for the management of dynamic projects. One method uses a project lifecycle 
approach, which establishes well-defined phases for the execution of the project. They 
argue that waterfall models are not suitable for dynamic projects, while spiral and rapid 
software development process models are suitable for the development of dynamic 
projects, as these development models allows the use of feedback, which is connected to 
different development phases. 
2.5.3. Generic view of models and modeling 
DeMarco [DM03] mentioned that estimation models should be based on the project 
management and development practices. A survey regarding the use of estimation 
models indicated that only 14% of the organizations polled used estimation models 
[HE92]. Another survey found that 7% of the organizations used estimation models, 
[HH91] and only 14% of the respondents of a similar survey indicated using estimation 
models [LD92]. One reason for such a low acceptance of models by software 
practitioners is that models are not generic and are dependent on specific tools and 
practices [KL99]. Therefore, adoption of such models requires adjusting the project 
development environment accordingly [CS99]. Software project managers seek flexible 
models that can be easily adopted within the existing project management and 
development setup. So, this research does not command any specific software 
development process model and adopts a generic definition of development phases of 
software projects. The software development processes define different stages of the 
development of software projects. Adopting a generic view of the software development 
process and software development phases can help in defining dynamic modeling and 
strategic management models, such that any set of models can be used for the modeling 
and simulation of strategic decisions. Generic representation of model and modeling has 
been considered in resolving the 1st and 2nd aims of the research. 
2.5.4. Objective of risk management and risk assessment 
Boehm’s and PMI’s risk management models are sequential models where risk 
management activities transition to the next activity after the current activity is 
considered closed. These models follow a specific structure where all the activities occur 
in a sequence with no overlaps. Hence, these models possess a static behavior, which is 
not suitable for dynamic projects. Treating risk management plans as static limits the 
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ability of static models, and in comparison, the value of models having dynamic 
capabilities that can adapt to the changes in the project parameters through feedback is 
clear. While static risk management models provide rich insight into how enterprises 
should manage risk of software development projects, they lack the capability to define 
how software project management plans should evolve in response to dynamic 
variations in risk as the software project moves through different phases towards 
completion. The CMMI risk management model is a descriptive model which defines a 
set of guidelines for the risk management of software projects. These guidelines can be 
adopted for dynamic projects with ease as they do not impose a specific structure of flow 
of risk management activities. Similarly, the SEI risk management model does not 
command any risk management structure, whereas risk management activities are 
continuous and iterative throughout the project. Hence, these models are suitable for 
dynamic projects.  
The risk assessment models for software projects apply qualitative and quantitative 
techniques for the assessment of risk in software projects. While traditional risk 
assessment models provide a foundation for assessment of risk in software development 
projects, they lack the capability to qualitatively and quantitatively assess the risk based 
on their dependence and correlation among each other. Dependent risk events are 
dependent on other risk events to occur and correlated risk events are related to the 
same attributes of software projects. Considering such risk events without their 
dependence and correlation causes the impact of these risk events to be counted multiple 
times. Therefore, to have reliable assessments of risk, it is essential to understand the 
dependence and correlation of risk events. Fairley’s model recognizes the statistical 
dependence of risk events by stating that some risk events are related, but it does not 
quantitatively assess risk events based on this relation [FA95]. His model depends on the 
cost drivers of COCOMO for the treatment of risk events, while COCOMO makes no 
assumptions about the correlation and the dependence of risk events. Sya-Wei et al.’s 
[FO00] risk assessment model also treats the risk events without considering their 
correlations. This research work addresses these issues and presents a risk assessment 
model that classifies risk events based on their correlations and assesses risk events 
according to their dependence. Further, assessment of risk remains a single point 
estimate; however, single value representations of parameters are now regarded as 
uncertain [KI97]. The domain of software engineering has moved into the realm of 
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probabilistic modeling and researchers are now using these models to represent the 
parameters of software projects as random with underlying probability distributions 
[FA95] [KI03]. Therefore, instead of using single values to represent project parameters, 
probabilistic models utilize a range of possible values with associated probabilities that 
define which values are more probable than others. Considering these advancements in 
software engineering, software engineering models, methods and practices should also 
adopt the probabilistic representation of project parameters. Additionally, risk 
management and risk assessment are present in generic terms. Therefore, software 
managers have the flexibility to select the software development processes and software 
cost estimation models which best fit their needs. The 1st objective of this research work 
addresses this issue. 
2.5.5. Objective for cost estimation 
The literature review mainly focused on the COCOMO and COCOMO-II models for 
cost estimation of software development projects. These models are presented to 
understand the cost estimation process for software development projects. The proposed 
simulation model for strategic management of software projects is a generic model and 
does not depend on any estimation and assessment models of software projects. 
Therefore, the research work did not attempt to define the software cost estimation 
model; although COCOMO and COCOMO-II are discussed in detail, the notion of cost 
estimation remains generic in the proposed strategic management model. The 2nd 
objective of this research work finds a suitable cost estimation model for the simulation 
of strategic management model. 
2.5.6. Objective for process modeling 
The main drawback of traditional software process simulation models is that they are 
not user-friendly [KL99]. These models are constructed without allowing much insight 
into the construction details of these simulation models. The traditional simulation 
models consist of many components, which are interconnected in a complex manner. 
The rules which govern the interconnectivity of different components of the model are 
not visible to the end-user. These issues have hampered the adoption of traditional 
process simulation models into the academic and practitioner community for further 
development and validation.  
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Traditional software process simulation models either model only specific software 
processes (for example: [KO07], [RU04]) or they redefine the software development 
processes (for example: [MC83], [AB89]). Hence, organizations are compelled to adopt 
these specific processes for the development of software projects. Thus, these models do 
not provide the needed flexibility to the software organizations to choose tools and 
practices for the development of software projects. Therefore, to model the software 
strategic management process, a generic model is needed that can address the issues 
discussed with the traditional process models. The 3rd objective of this research work 
focuses on process modeling. 
Further, there are two main techniques for the modeling and simulation of conceptual 
models. It is essential to select a modeling technique that can closely represent the 
attributes of the conceptual model. This activity is related to the 4th objective of this 
research work. 
2.5.7. Objective of risk measurement and contingency estimation 
The measure of risk using the risk exposure is based on a single point estimate of 
impact and probability. Furthermore, the scalability of risk exposure to a portfolio of 
software projects remains questionable. If the risk exposure of the portfolio is considered 
to be the sum of the risk exposures of all the projects in the portfolio, a misleading 
assumption of the overall risk of the portfolio would be reached because not all of the 
projects in the portfolio will experience risk events. It has been found that a portfolio of 
projects experiences less risk than the combined risk of the individual software projects 
in the portfolio hence risk is better managed within a portfolio [KI03] [BN08]. In-
addition, the measurement of risk should produce risk estimates that are sub-additive. In 
a real software development project, the risk associated with the project is much less 
than the aggregated risk of all individual tasks of the project. The risk exposure measure, 
however, assumes an equal risk estimate for the project and all the tasks in the project. 
Consider two individual development tasks,   and  , of a software project,      , then 
the measure of risk in terms of risk exposure is                    . However, 
the project       should experience less risk than the combined risk of the individual 
tasks       of the project. 
Therefore, the measurement of risk needs to be revisited to comply with the latest 
practices in the domain of software engineering. Financial organizations use financial 
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risk measure models to measure the impact of risk events on financial investments, 
which are modeled by random variables with specified probability distributions. 
Financial risk measure models identify the monetary value of a financial investment 
from the impact of a set of risk events. Analogies from the financial domain have been 
previously applied to software development projects [KI03] [BU05] [HL07]. Therefore, 
the measurement of risk associated to software development projects can benefit from 
financial risk measure models. Based on analogies from financial models, a risk 
measurement model for software projects is constructed. Analogies from economic and 
financial concepts for the development of software projects have been used in the past 
[KL99] [BU05] [HL07], since financial models are based on probabilistic notations, which 
can be mapped to software engineering processes and models.  
Although traditional contingency estimation models provide insight into modeling 
the contingency resources, their capabilities need to be enhanced. These models 
command specific processes and methods which deprive software managers of the 
flexibility to choose development processes and methods which are best for their 
organizations. Therefore, the adaptation of contingency estimation models into the 
existing project management environment and development setup has been a challenge. 
Some traditional models produce estimates that are not correlated with the cost and risk 
of software projects. Additionally, the validity of these models remains questionable in 
terms of subadditivity, and no clear guidelines have been proposed to scale these models 
to a portfolio of software projects. This research presents a contingency estimation model 
that is independent of specific cost estimation and risk assessment models and offers a 
flexible solution to software managers. The 5th and 6th objectives of this research work 
resolve these issues. 
The validation of a model helps to establish the proposed model and ensures that the 
model can be adopted. The 9th objective of this research work focus on the validation of 
the proposed models. The 10th objective of this research work focuses on a case-study for 
the proposed models. 
2.6. Summary 
This chapter has presented traditional methods of strategic management, risk 
management, risk assessment, cost estimation, contingency estimation, risk 
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measurement models and models for software development processes in the software 
engineering domain. These traditional models provide a foundation for the development 
of software projects. As the complexity of the software development projects increases, 
and large scale software development projects are being undertaken in today’s fast 
changing market and technological environment, a need has been created for the 
development of tools and models that are capable of dynamic adjustments.  
The strategic decision-making process for the development of software projects needs 
quantitative analysis of different parameters of software projects. Modeling and 
simulation of complex project management processes supports the decision making for 
strategic management of software projects. The capabilities of the existing models for the 
strategic management models of software projects are outlined. These models support 
the importance of strategic management practices for software development projects and 
establish guidelines that can assist in further research and development of models for the 
strategic decision making of software projects. The knowledge presented in this chapter 
has provided the foundation for building a simulation model for the strategic 
management process of software projects, which require assistance from the models 
discussed. Different assessment, estimation and management models come together to 
support the strategic decision-making process for software development projects.  
The next chapter will discuss in detail the concept of cost and risk for software 
development projects and will explain how estimated cost may violate the subadditive 
behavior of these projects. The chapter presents a solution for subadditive estimates of 
cost for the development of software projects. Additionally, the study of risk assessment 
models has provided an insight into the fact that traditional models do not classify risk 
events of software projects based on their dependence and correlation among each other, 
which causes the impacts of risk events to be counted twice. The next chapter proposes a 
risk-classification scheme which can classify risk events based on their dependence and 
correlation and proposes a risk assessment model that relies on this risk classification 
scheme.  
This chapter has explored the cost estimation models, software development process 
models and simulation modeling techniques. This will help in the construction of the 
simulation model to select models that are suitable for the simulation of strategic 
management.  
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The strategic management of software projects relies on the cost and risk of software 
projects. Without suitable projections of cost and risk, the strategic management cannot 
achieve efficiency in the decision-making process, and the decisions themselves will also 
be inefficient. Therefore, the precise definition of cost and risk within software projects 
and how they are represented for the simulation of the strategic management process is 
important. For the development of a simulation model for the strategic management 
process of software projects, the cost and risk of software projects are modeled as 
random and represented with probabilistic models which capture the cost and risk with 
relevant probabilities. 
This chapter discusses the probabilistic representations of cost and risk of software 
projects and presents how cost and risk are integrated. Additionally, the chapter posits 
that a cost estimation process that uses probabilistic representation of cost may not 
produce subadditive cost estimates. Subadditivity is important for optimizing a software 
project having multiple tasks or a portfolio having multiple projects. A solution will be 
proposed which will ensure that subadditive cost estimates apply. The chapter continues 
by presenting a risk classification scheme and discusses a novel risk assessment model 
for software projects that benefits from the risk classifications scheme. 
Probabilistic models are mappings of real events to the real line,   . Therefore, 
whenever a probabilistic model is used, a set of physical events are represented. The 
sigma-algebra (  algebra) helps to describe these events having certain characteristics. 
The software practitioners that use probabilistic models do not necessarily know the 
existence of the sigma-algebra and their maps on    besides events, but for the research 
and development of models, it is important to use the notion of   algebra to define 
different sets of events that fulfill certain characteristics, these characteristics are 
discussed in [APPENDIX_B]. Consider two risk events   and   which form a space 
       , then the   algebra ensures that all the unions and interactions of the space   
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are considered for assessment and are mapped to random variables. For example, the 
power set (  ) defines a   algebra, hence, the   algebra of the space   is    
                    [TA98] [BO05]. 
3.1. Representations of Software Risk and Cost 
3.1.1. Software Risk 
Monetary loss due to risk events is defined in terms of the overall risk impact and the 
probability of impact, which can be modeled with random variables. Therefore, the 
overall random impact of risk events is represented with a random variable         
having probability distribution,     , where   represents a single realization of the 
random risk impact,  , at some instance. The risk impact represents the increase in a risk 
event in terms of the proportion of the estimated cost of software projects; therefore, 
       . The actual risk impact cannot be realized unless the risk event takes place; this 
inability to understand the risk event and its impact before it occurs is defined as the 
uncertainty around the risk event. 
Let a space,  , of all known events of a software project be fixed, and let   be an 
  algebra defined over the space  , such that     . Further, let   be a space of all risk 
events of a software project, which is a sub   algebra of  , i.e.,     [TA98] [BO05] 
[DN06]. Then, the risk events of the software project are defined as follows: 
Definition: Risk events of software projects forms a space  , which is a sub   algebra of  , 
such that    . 
The set of risk events of space     are mapped to the overall random risk impact, 
   , which is a mapping from the space of risk events,    , onto the real line,   , 
bounded within the closed interval       [APPENDIX_B].  
Researchers have extensively used Beta distributions to model the impact of risk 
events [DA05] since Beta distributions are defined in the interval       [APPENDIX_C]. 
The Beta probability density function,     , has the following form [MO07]: 
     
                
     
          (3.1) 
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       ∫                   
 
 
    (3.2) 
Where      is the Beta function,       are the shaping parameters of the distribution and 
       is the indicator function, which ensures that only the values in the interval       
have associated probabilities. The notation             represents that random risk 
impact,  , is modeled with Beta distribution having shaping parameters,      . The 
expectation,     , of the Beta distributed random risk impact,            is defined as 
follows,  
     
 
   
      (3.3) 
The shape of the Beta distribution could be positively or negatively skewed 
depending upon the shaping parameters,      . A positively skewed Beta distribution is 
representative of the fact that most of the risk impact observations are less than 0.5 and 
the expectation,     , of the random risk impact,  , is below 0.5. A negatively skewed 
Beta distribution represents the fact that most of the random observations of the risk 
impact are more than 0.5; therefore, the expectation,     , of the random risk impact,  , 
is above 0.5.  
 
Figure 3.1            for different values of       
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Figure 3.1 shows Beta distributions with different shaping parameters and reveals 
how the graph changes shape under different values of the parameters. A risk impact 
with value 0.1 shows that this impact value increases the total cost by 0.1 or 10% of the 
estimated cost. Other risk impact observations are similarly mapped to the percentage of 
impacts on the estimated cost.  
3.1.2. Software Cost  
The estimated cost of a software project, integrated with risk, is said to be random and 
represented with   having a cumulative distribution function,     . The random cost 
samples   are positive real-valued random samples that are mapped to the cumulative 
distribution function such that              where   is the single realization of 
random variable   at some time instance. The     percentile of the estimated cost,  , is 
defined as    [    ]  where         and    is the inverse function of      such that 
  
         [APPENDIX_A]. 
Definition: The random estimated cost,  , of a software project is defined as follows: 
        ,              (3.4) 
Where           is the random cost observed below the expectation and      
     is the random cost above the expectation. The expectation,     , is the most likely 
expected value of the estimated cost and considered as the budgeted cost for the software 
project [ST06].    is the random additional cost due to risk events, which is regarded as 
the additional cost required to complete the software project and said to be unbounded. 
Further,    is the random minimum estimated cost of the software project and is said to 
be bounded with 0. The estimated cost   of a software project is defined as integrable 
such that       ,         and         [BO00], which is represented as   
         . 
Researchers have suggested a Gamma probability distribution to model the estimated 
cost of software projects [KI03] [KI97]. The Gamma probability distribution,       , is a 
positively skewed, heavy tailed distribution represented as follows [PO91], 
     
          
    
              (3.5) 
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Where      is the Gamma function and   and   are the shaping parameters of the 
Gamma distribution,   is the scale parameter which represents the spread of the Gamma 
distribution and   is the shape parameter which controls the shape of the Gamma 
distribution. The expected value of Gamma distribution is        . 
To model the single point cost estimates with the Gamma distributions, the single 
point estimates are mapped to the expectation of the Gamma distribution such that 
      , and the shaping parameters of the Gamma distribution (   ) are estimated 
such that        . These estimated shaping parameters are used to construct the 
Gamma distribution         , to model the random estimated cost,  , of the software 
project. 
Kitchenham et al. [KI97] present a model of cost using Gamma distribution having 
expected estimated cost value of 200 man-days. The values of the shaping parameters 
that produce the best approximation of the Gamma distribution are          such that 
              , which reveals that the spread parameter,  , should be relevant to 
the expectation of the estimated cost. Therefore, to estimate the parameters of the 
Gamma distribution for a given     , the shaping parameter,  , is kept constant at 2 and 
the spread parameter is estimated from the values of   and     . Figure 3.12 shows the 
random estimated cost,  , of a software project that is constructed from the single point 
cost estimate of 100 man-months, which is mapped to the expectation of the Gamma 
distribution such that          and modeled with the Gamma distribution,          . 
Let    be the random estimated cost without the impact of risk events and modeled 
with the Gamma distribution. The single point estimate of cost,  , is mapped to the 
expectation        such that         and shaping parameters are estimated as 
discussed. These estimated shaping parameters are used to construct the Gamma 
distribution         , which models the random estimated cost of software projects,  , 
without the impact of risk integrated. 
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Figure 3.2: Estimated Cost Modeling,                  
3.1.3. An integrated Model of Software Cost and Risk 
Risk management controls and monitors the impact of risk on parameters of strategic 
importance; therefore, the development of simulation models requires a clear 
understanding of what software project parameters need to be modeled—in other 
words, what software project parameters are most affected by risk events. The estimated 
cost of software projects is the single most important factor in the management of the 
software project, and all the risk events of the software project directly or indirectly 
affect the estimated cost of the software project. Therefore, risk management of a 
software project centers around managing the impact of risk events on the estimated cost 
of the software project, and by managing the cost of the software project, other project 
parameters of software projects (budget, schedule, quality and deliverables) can be 
managed [PF06].  
Software practitioners agree that the estimated cost should be integrated with risk to 
yield realistic cost estimates [FA95] [KK97] [JT06]. The integrated model of cost and risk 
represents the cost that bears the impact of risk events; in other words, it is the cost that 
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is required to handle risk events of software projects. The cost of a software project is 
estimated in man-months, whereas overall impact of risk is a dimensionless quantity; 
therefore, the cost integrated with the impact of risk is measured in man-months. 
Variations in the risk cause variations in the estimated cost; thus risk has linear 
consequences on the cost of software projects [BN08] [BO88]. To model the cost 
integrated with the impact of risk,  , consider the random estimated cost without risk, 
 , and the random overall risk impact,       , that are integrated as follows: 
                    ,             (3.6) 
A Monte Carlo simulation selects random samples of   and    from their respective 
distributions and estimates the histogram of the estimated cost,  . 
3.2. Sub-additive Pitfall of Estimated Software Cost 
The cost estimation processes which use probabilistic representations of cost consist of 
two main components namely cost modeling and cost estimation. Software cost modeling 
produces the probabilistic representation of the cost, whereas software cost estimation 
estimates the cost based on certain probabilistic confidence bounds. Therefore, the 
probabilistic cost estimation process resolves the following question: 
 Question: What is the estimated cost,   , of a software project at probabilistic confidence 
bound,  , where cost is modeled with   having cumulative distribution,     . 
Therefore, estimated cost is the     percentile,   , of the cost distribution,     .  Let the 
cost estimation process be represented by      , which is the inverse function of the 
cumulative distribution function,     , as represented by equation (3.7): 
        
                                              (3.7) 
where         is the upper limit and         is the lower limit of   given an event  . 
Although, the cost estimation process provides a rich insight into the necessary details of 
the cost of the software project and enables a critical view of the resources needed to 
complete a software project, it may not produce subadditive estimates. 
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To estimate the cost, a software project is either divided into smaller tasks or multiple 
software projects are integrated into a portfolio of software projects. Software 
practitioners generally assume that dividing a software project into smaller tasks or 
integrating multiple software projects into a portfolio for cost estimation has linear effects 
on the overall estimated cost of the software project.  
The estimated cost of a portfolio of software projects should be less than or, at most, 
equal to the sum of the estimated costs of all the software projects of the portfolio [BN08] 
[KI03]. Similarly, the overall estimated cost of a software project is expected to be less 
than or, at most, equal to the sum of estimated costs of decomposed tasks of the software 
project, this property is called subadditivity. 
The cost estimation process based on quantile estimations of probability distributions, 
     , may violate the subadditive property. 
3.2.1. Subadditivity 
A process is subadditive when the sum of elements of a domain produces a result that 
is less than the sum when the process is applied to each element of the domain. In other 
words, a process is subadditive when, after applied to the sum of parts is less or, at most, 
equal to the sum when it is applied to each part. Therefore, suppose      is a process then 
it is sub-additive when                  [LA03]. In terms of estimation processes, 
subadditivity is the tendency of an estimation of the whole to be less than or, at most, 
equal to the sum of estimations of parts. 
Subadditivity ensures that decomposing an estimate into sub estimates should remain 
less than or, at most, equal to the sum of the sub estimates; it also ensures that 
aggregating sub estimates to obtain the estimate of the whole remains greater than or at 
least equal to the estimate of the whole, as equation (3.8) illustrates: 
                         (3.8) 
Subadditivity explains that the estimated cost of combined tasks of a software project 
remain less than or equal to the sum of the estimated costs of individual tasks. Similarly, 
integrating software projects into a portfolio for aggregated cost estimation should 
produce lower cost estimates.   
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Researchers have noted that integrating different tasks of a software project or 
different software projects into a portfolio for cost estimation brings down the overall cost 
[KI03]. Therefore, a portfolio of   software projects (  ) or a software project of   
development tasks (  ), should have subadditive cost estimates such that  
  ∑     
∑  
     ; thus, estimates of the whole are less than or equal to the sum of estimates of the 
parts, i.e.,    ∑    ∑     . 
For example, consider two software projects    and    having cumulative probability 
distributions       and      .The cost estimation process is subadditive if,       
                  . The preceding expression explains that the     percentile of the 
sum of       i.e.,                 
     , remains less than or, at most, equal to the 
sum of the     percentiles of individual cumulative probability distributions of costs    
and   , i.e.,                  
         
     , hence       
         
         
     . 
Subadditivity plays a fundamental role in the estimation process, and it is critical to 
have subadditive estimates. Estimation processes violating subadditivity would mean 
that the cost estimation of a software project may be larger than the sum of estimations 
of individual tasks of the software project; hence, such estimation processes fail to 
simulate aggregated estimations. Subadditivity validates the argument that integration 
of software projects into a portfolio leads to a reduction in overall estimated cost, 
whereas violating this property may lead to an overestimation of the cost of software 
projects. 
The cost estimation process does not always fulfill the subadditive property. 
Symmetrical probability distributions are generally subadditive, whereas asymmetrical 
distributions are not [YA05] [CA01]. The software cost estimation process mainly deals 
with the asymmetrical family of distributions, which are positively skewed, extending 
heavy right tails; such non-symmetrical distributions are more susceptible to violation of 
the subadditive property. 
The software project managers should be confident that the estimated resources for 
individual tasks of software projects add up to the overall estimated resources needed 
for software projects, even when the individual tasks of the software project are 
mutually exclusive. Furthermore, the subadditive property provides critical information 
when optimizing a portfolio of software projects or optimizing a software project made 
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up of various independent tasks. The cost estimation process violating the subadditivity 
creates a pitfall for software managers; not knowing this pitfall can cause misleading 
software cost estimates. 
3.2.2. Examples 
Consider a software project having an estimated cost of $1 million, the probability of 
this cost estimate is 95%. Additionally, there is a 5% probability that the estimated cost of 
$1 million will overrun by $250,000. Therefore, the estimated cost,  , consists of two 
random cost events:  either the project will be completed within the estimated cost with 
no cost over run or the project will experience a cost overrun.  
To finance this project with   90% confidence bound, $1.0 million needs to be 
allocated because there is 95% probability (which is greater than 90%) that the project 
will not experience a cost overrun. Therefore, at 90% probabilistic confidence bound, the 
total estimated cost of the project is $1.0 million, i.e.,        =$1.0 million, and the cost 
overrun is $0. 
Now, consider three software projects with the same characteristics as above having 
estimated costs of   ,    and   . The sum of estimated costs at 90% probability is $3.0 
million, i.e.,                           =$3.0 million and the sum of the total cost 
overruns is $0.  
Now, these projects are integrated into a portfolio creating an aggregated cost 
estimate of           . The total cost and cost overrun is estimated at   90% 
confidence bound for the portfolio as shown in Table 3.1. It illustrates that the 
probability of no project of the portfolio experiencing cost overrun is 85.73%, and the 
probability of one project of the portfolio to overrun the estimated cost is 99.27%, i.e. 
0.8573+0.13537=0.9927. To finance this portfolio of projects at 90% confidence 
probability, the cost overrun estimate of the portfolio is $250,000 because it is the lowest 
value after 90% probability; in other words, the probability that no project experiences 
cost overrun is 85.73%, which is less than 90% of the probability. Therefore the total cost 
of the portfolio at 90% probability is               =$3.25 million. 
This result shows that subadditive property is violated because, at 90% probability, 
the portfolio has cost overrun of $250,000 (                    ) while the sum of 
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the estimated costs of individual projects,       and   , is $3.0 million (         
                     ) at 90% probability, i.e.,                         
                 . This simple example illustrates how cost estimations can violate the 
subadditive property and explains the pitfalls hidden in the estimation process. 
Table 3.1: Total and Overrun Cost of Projects   ,    and    
Projects Probability 
Distribution 
Cumulative 
Distribution 
Cost 
Overrun 
($) 
Total 
Cost ($)  
millions 
no project overrun 0.95x0.95x0.95 
= 0.8573 
0.8573 0 3 
Any one project overruns 
(  ,   ,   ) 
3x0.05x0.95x0.95
= 0.135375 
0.9927 250,000 3.25 
Any two projects  
overruns 
(    ,     ,     ) 
3x0.05x0.05x0.95
= 7.125      
0.9998 500,000 3.5 
All three projects 
overruns          
0.05x0.05x0.05 
= 1.25      
1 750,000 3.75 
Consider an example from a software practitioner’s point of view. Consider two 
software projects having cost estimates of 50 and 60 man-months that are mapped to the 
expectations of Gamma distributions, i.e.,           and           where    and    
are the random variables such that                and               , 
respectively. 
Sub-additivity can be easily observed with the discrete samples. Figure 3.3 shows the 
discrete cost samples that are generated from the respective Gamma distributions for 
projects    and   . Now, projects    and    are aggregated into a portfolio such that 
        and                 =110 man-months. The estimated costs of projects 
   and    are independent, hence the distribution of the estimated cost of the portfolio, 
       , is the convolution of the distributions of projects    and    [PO91]. The 
resulting distribution, from the convolution of the distributions of                
and               , of the estimated cost of the portfolio,    is shown in Figure 3.4.  
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Figure 3.3: Estimated Cost Distribution of Projects    and    
 
 
Figure 3.4: Cost Distribution of the Portfolio         
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Figures 3.5 and 3.6 shows the discrete cumulative probability distributions of    ,     
and  , respectvley. The cost estimates at different confidence levels,  , are the percentiles 
of the respective distributions such that       ,        and       that are estimated 
from Figures 3.5 and 3.6 for               ,                and        . 
These values are tabulated in Table 3.2, which illustrates that at 80% probabilistic bound, 
i.e.,      , the estimated cost of the portfolio,  , is greater than the sum of the 
estimated costs of the individual software projects,    and   , i.e.,             
                               . This illustrates that the estimated cost violates 
the subadditive property at 80% probabilistic confidence bound.  
Table 3.2: Estimated Costs of   ,    and   for different confidence bounds 
                                          
0.8 63.83 75.39 139.23 147.59 
0.9 89.19 104.93 194.13 185.77 
0.95 114.56 134.48 249.04 211.13 
0.99 165.28 193.57 358.85 270.22 
 
 
Figure 3.5: Estimated Software Project Costs with Cumulative Probabilities 
 Chapter -3 Software Cost and Risk 78 
 
 
Figure 3.6: Estimated Cost of Project X=X1+X2 with Cumulative Probability 
3.2.3. A Subadditive Cost Solution 
Previous example shows that the cost which is estimated from a probabilistic model 
of cost could produce non-subadditive cost estimates. Hence, the cost of the portfolio of 
the projects,  , may produce more cost than the sum of the cost of the individual projects 
of the portfolio,      . Violation of the subadditivity of the estimated cost would 
falsely produce better cost estimates of the individual projects than the estimated cost of 
the portfolio. Therefore, dividing a software project into different tasks should produce 
reliable cost estimates. Similarly, the estimated cost of a portfolio of software projects 
should be less than or, at most, equal to the sum of the estimated costs of all the software 
projects of the portfolio; hence, integrating software projects into a portfolio should lead 
to a reduction in the overall estimated cost. 
Although the percentile estimation of probability distributions may violate the 
subadditive property, the expectation,     , of distributions fulfills the subadditive 
property, i.e.   ∑    ∑       [LA03]. Therefore, the subadditive pitfall of the cost 
estimation process can be avoided by dealing with the expectation,     , of the 
probability distribution of the estimated cost. 
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The expectation      of the probability distribution is the mean of the distribution 
[RM07], which is regarded as the most expected value of the distribution. The 
expectation,     , of a probability distribution      is expressed as,      ∫        . 
For a discrete sequence of samples of     , the expectation is expressed as      
∑         , where   is the sample index. Sometimes, the expectation of a specific portion 
of the distribution is required, which is the conditional expectation. For example, 
             is the expectation of the region of the distribution where   is greater 
than the     percentile,      , of  . Figure 3.7 shows the expectation,     , and the 
conditional expectation,             . For the discrete case, the conditional 
expectation is estimated as         
      
∑            
     
∑               
, whereas for the continous 
case it is         
      
∫     
 
  ( |      )  
∫     
 
 ( |      )  
  [PO91]. 
 
Figure 3.7: Expectation and Conditional Expectation 
To take advantage of the subadditivity of the expectation, the question for the cost 
estimation process is rephrased as follows: 
Question: What is the expectation of cost of a software project, having random estimated cost 
of  , beyond a probabilistic confidence bound,  . 
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This rephrased question deals with the expectation,     , of the cost distribution,     , 
beyond a probabilistic bound  , i.e.,             , which is the conditional 
expectation of   , beyond the     percentile of the cost distribution,     . 
This subadditivity is very evident with a portfolio of projects.  It is also evident when 
a software project is split into different tasks, since the estimated cost of each task should 
add up to the total estimated cost of the project. Further optimizing a software project or 
a portfolio of software projects should produce reliable results where different software 
project tasks are integrated without increasing the aggregated cost of the software 
project; hence, integration of software project tasks should lead to reduction in the 
overall cost of the project. 
Consider two software projects,    and     such that         and        . 
Therefore, the expectation beyond a probabilistic confidence holds the subadditivity 
property such that the expectation of the sum of estimated costs beyond the     
percentile is less than or, at most, equal to the sum of expectations of individual cost 
estimates beyond that percentile as expressed in equation (3.9): 
                                                             (3.9) 
Lets revisit the examples and see how the rephrased cost estimation question can help 
to avoid the subadditive pitfall of the software cost estimation process.  
For the first example, the expectation of the cost and cost overrun of each software 
project and the portfolio of software projects beyond 90% probabilistic confidence bound 
are shown in Table 3.3. The table reveals the fact that the expectation of cost overrun 
beyond 90th percentile,   90%, of the portfolio is $0.262 million, i.e.          
                              =$0.262 million, which is less than the sum of the 
expectations of cost overruns of $0.75 million of individual projects, i.e. 
                                                     =$0.75 million. 
Therefore, the expectation of estimated cost of the portfolio of $3.262 million is less 
than the sum of the expectations of estimated costs of individual software projects of 
$3.75 million. These results show that the cost estimation process based on the 
expectation follows the subadditive property. 
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Table 3.3: The Expectations of Costs and Costs overrun beyond       
Individual Projects Portfolio 
Cost overrun expectation: 
                 =
                  =
                  = 
0 0.95+250,000 0.05/(1-0.95)=$0.25 
million 
Sum of cost overrun expectations : 
                  
                   
                  =$0.75 million 
Total Cost of all the projects=$3.75 million 
Cost overrun expectation : 
                         
                = 
(0.25 0.135375+0.5 7.125      + 
0.75 1.25     ) / (1-0.857375) = 
$0.262 million 
 
Total Cost of the portfolio=$3.262 
million 
Now, consider the second example. Table 3.4 shows the expectations of costs of the 
software projects         and of the portfolio         beyond  =90% confidence 
probability. It shows that the expectation of the estimated cost of the portfolio is less than 
the sum of the expectations of estimated costs of individual projects of the portfolio, as 
expressed by equation (3.10), 
                                                                     (3.10) 
Table 3.4: Expectations of   ,   , and         beyond  =0.9 
   [  |
   
        
]  [  |
   
        
] 
                 + 
                  
            
         
             
0.8 110.65 125.88 236.54 196.26 
0.9 135.35 155.38 290.73 224.38 
0.95 162.24 180.34 342.58 248.82 
0.99 201.32 234.19 435.52 303.84 
The software cost estimation process is a critical activity of a software project, which 
impacts all areas of a software development project. It is imperative for a software 
manager to understand the pitfalls hidden in the process in order to have realistic cost 
estimates. A software project manger should be confident that estimated cost of different 
components of a software project is the adequate cost needed to complete the software 
project, and the overall estimated cost of the software project represents the expected cost 
of the various parts of the software project.  
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3.3. A Novel Software Risk Assessment Model 
The components of a software risk assessment model are qualitative risk assessment 
and quantitative risk assessment. Qualitative risk assessment focuses on the identification 
and classification of risk events, while quantitative risk assessment studies the impact and 
the probability of identified risk events [PA06]. Therefore, the proposed software risk 
assessment model integrates qualitative and quantitative assessments: 
1. Identification and classification of risk events 
2. Estimating the overall impact of identified risk events 
Traditional risk assessment models, discussed in chapter 2, provide a foundation for 
the assessment of risk of software development and contractual projects. A backdraw of 
these models is that the risk events are not classified based on their dependence and 
correlation. Qualitatively, the risk events are not classified based on their dependence to 
occur on other risk events, while, quantitatively, impacts of risk events are not treated 
based on the statistical dependence of impacts on the impacts of other risk events. 
Hence, the traditional risk assessment models perform risk identification and analysis 
while the classification of the identified risk events is not performed.  
This section proposes a risk assessment model; the model classifies the risk events of a 
software project based on their dependence and correlation among each other. 
Therefore, the risk events are identified, classified and analyzed to estimate the overall 
risk impact. Researchers use single point representations of the impact of a risk event. 
The single value representation of risk impact does not capture the entire scope of the 
impact, yet it is popular among software managers who are more comfortable with 
numbers rather than probabilistic notations [KI97]. The proposed risk assessment model 
interfaces with the managers with single point representation of impact and generates 
the probabilistic model of the overall risk impact. 
The following section discusses risk classifications and presents a scheme for the 
classification of risk of software projects. In addition, it discusses how the overall impact 
of all the identified and classified risk events is estimated. 
3.3.1. Software Risk Classifications 
Dependent risk events are caused by other risk events, whereas independent risk events 
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are independent of the occurrences of other risk events. The independent risk events can 
occur without the presence and occurrence of other risk events. Dependence defines a 
situation in which a risk is dependent on other risk events for its existence. This 
dependence does not imply that a risk event must occur if the risk event(s) it is 
dependent upon has occurred. Furthermore, the definition of dependence and 
independence does not imply probabilistic dependence and independence, which deals 
with the probability of occurrence of events to satisfy a probabilistic condition [PO91]. 
Therefore, dependence of a risk event does not make it more probable should the risk 
event(s) it is dependent upon have occurred; rather, it states that the risk event can or 
cannot (mutually-exclusive) occur after the risk event(s) it is dependent upon have 
occurred. 
Statistically dependent risk events are defined as events that have correlated impacts, 
whereas the statistically independent risk events have uncorrelated impacts. In other 
words, the statistical dependence defines the correlation among impacts of risk events, 
which is the degree of linearity of the impacts and measures the influence of the impact 
of a risk event on the impacts of other risk events. The statistical dependence, or the 
correlation of impacts, may not be the probabilistic dependence, which requires 
correlated events to have probabilistic dependence [PO91]. Hence, the correlation among 
impacts of risk events is not the likelihood of the impact of a risk event to occur based on 
the impact of other risk events [RC99]. Therefore, the correlation of impacts of risk 
events does not reflect the dependence of impacts of risk events. In other words, 
independence of impacts of risk events does not cause disassociation in the impacts of 
risk events. 
3.3.1.1. Dependent and Independent Risk Events 
Based on the dependence to occur based on other risk events, the proposed scheme 
classifies risk events as dependent or independent. Figure 3.8 illustrates the dependent 
and independent risk events. The risk events B and C are dependent on the task A, and 
the probability of the risk events B and C are conditional probabilities with the task A, 
i.e. P(B|A) and P(C|A), respectively. Furthermore, the risk events B and C are mutually 
exclusive; hence they cannot occur simultaneously. The risk event B further triggers the 
risk events B1, B2 and B3 with respective probabilities, where the risk events B1, B2 and 
B3 are mutually exclusive. The task D is independent of the task A, and so the risk events 
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B, B1, B2, B3 and C are independent of the task D. Furthermore, the risk events D1 and 
D2 are dependent on the task D but are independent of the task A, and so they are 
independent of risk events B, C, B1, B2 and B3. Due to the independence of the tasks A 
and D from each other, task A does not change the probabilities of the risk events of task 
D; therefore, P(D1|A)=P(D1) and P(D2|A)=P(D2). Similarly, task D does not change the 
probabilities of the risk events of task A, i.e., P(B1|D)=P(B1), P(B2|D)=P(B2), 
P(B3|D)=P(B3) and P(C|D)=P(C). 
When the risk events are dependent on other risk events and instead they are treated 
as independent, they may produce excessive exposure to risk. Classifying risk events 
based on their dependence helps to avoid excessive estimates of risk exposure. The risk 
exposure (  ) as defined in equation (2.4). 
Consider a software project scenario having risk events shown in Figure 3.8 with the 
shown probabilities. Furthermore, assume that each risk event causes $10,000 in 
monetary losses. Therefore, the risk exposure of risk event B1 is estimated as 
(0.6+0.2)10,000=$8000, because risk B1 will occur only after B has occurred. The total risk 
exposure of task A that has risk events B1, B2, B3, B and C is the sum of the risk 
exposures of these risk events, which is $32,000. In addition, task D occurs 
independently of task A and causes risk events D1 and D2, with a total risk exposure of 
$10,000. Therefore, the total risk exposure of the software project is 
$32,000+$10,000=$42,000. Table 3.5, shows the risk exposures of the risk events of tasks 
A and D. 
 
 
 
 
 
 
 
 
Task D 
0.2 
0.6 0.05 
0.75 
Risk B 
0.3 
0.4 
Task A 
0.7 
Risk C 
Risk D2 
Risk B3 
Risk B1 
Risk B2 
Risk D1 
Figure 3.8: Dependent and Independent Risks (First Scenario) 
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Table 3.5: Risk exposures of risk events 
   
 
    10,000    ($) Total    ($) 
A 
B (0.6) 
B1 (0.2) (0.6+02) 10,000 8,000 
32,000 
B2 (0.75) (0.6+0.75) 10,000 13,500 
B3 (0.05) (0.6+0.05) 10,000 6,500 
C (0.4) 0.4 10,000 4,000 
D 
D1 (0.7) 0.7 10,000 7,000 
10,000 
D2 (0.3) 0.3 10,000 3,000 
Now consider a second scenario where the risk event C is not treated as dependent 
(mutually exclusive) on risk event B and instead is treated as independent, as shown in 
Figure 3.9. Therefore, the probability of the risk event C becomes 1, which does not mean 
that risk event C is almost always certain to occur should task A be carried out; rather it 
explains that risk event B and C are not mutually exclusive and that risk event C is not 
dependent on risk event B. 
 
 
 
 
 
 
 
Table 3.6 shows the risk exposures due to different risk events for this scenario. The 
risk exposures for this scenario reveal that the total exposure to risk due to task A is 
$50,000, while task D has $10,000 risk exposure. Therefore, the total risk exposure for this 
risk scenario is $50,000+$10,000=$60,000. This scenario illustrates that when dependent 
risk event C is modelled as an independent risk event, it causes excessive risk exposure 
of 32,000-50,000=$18,000. Additionally, the total risk exposure increases to $60,000 from 
$42,000. A reverse example, where an independent risk event is treated as dependent, 
would produce an underestimation of the total exposure to risk. 
Task D 
0.2 
0.05 
0.75 
Risk B 
0.3 
Task A 
0.7 
Risk C 
Risk D2 
Risk B3 
Risk B1 
Risk B2 
Risk D1 
Task A 
Figure 3.9: Dependent and Independent Risks (Second Scenario) 
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Table 3.6: Risk exposures of the alternate scenario 
  
 
      10,000    ($) 
Total    
($) 
A B (1) 
B1 (0.2) (1+0.2) 10,000 12,000 
50,000 
B2 (0.75) (1+0.75) 10,000 17,500 
B3 (0.05) (1+0.05) 10,000 10,500 
A C (1) 1 10,000 10,000 
D 
D1 (0.7) (0.7) 10,000 7,000 
10,000 
D2 (0.3) (0.3) 10,000 3,000 
 
3.3.1.2. Statistically Dependent and Statistically Independent Risk Events 
Statistically dependent risk events are said to have correlated impacts with positive or 
negative correlations. The impact of a risk event has direct consequences on the impacts 
of those risk events that are statistically dependent, whereas the impacts of statistically 
independent risk events have no correlation with each other.  
Therefore, based on the statistical properties of the impacts of risk events, the scheme 
classifies risk events as statistically dependent or statistically independent. Figure 3.10 
shows that the impacts of the risk events A and B have positive correlation, therefore, a 
large impact on risk event A causes a large impact on risk event B, and vice versa. The 
impacts of risk events C and D show no correlation; hence, risk events C and D are 
statistically independent and have uncorrelated impacts. 
 
 
 
 
 
 
 
 
Risk A Impact 
Risk B 
Impact 
1.0 0.1 0.5 
0.1 
0.5 
1.0 
1.0 0.1 0.5 
0.1 
1.0 
0.5 
Risk C 
Impact 
 
Risk D Impact 
Figure 3.10: Impacts of Statistically Dependent and Independent Risk Events 
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The correlation could be positive or negative: a positive correlation means that the risk 
impact moves in the same direction, while a negative correlation means that the risk 
impacts moves in the opposite direction, i.e. one increases while other decreases. The 
impacts of statistically dependent risk events are influenced by the impacts of risk events 
with which they have correlations.  
The statistically dependent risk events measure the same underlying risk of a 
software project, depending upon their correlation. Therefore, considering these risk 
events together could cause double counting or under counting of the impact of risk 
events. Therefore, the impacts of such risk events should be considered according to 
their correlation with each other. The statistically independent risk events measure 
different attributes of the overall software project risk. 
The overall impact of statistically dependent risk events should be estimated 
according to their correlation. For example, consider two risk events with risk impacts 
modelled as random variables    and   , having probability distributions        and 
     , respectively. Assume that risk impacts    and    have a certain degree of 
correlation in their impacts, as shown by shaded area in Figure 3.11(a), which represents 
the influence of impacts of risk events over each other. Therefore, to estimate the overall 
impact of    and     their correlation must be considered. This can be achieved by 
defining the conditional probability distribution of random variables. For example, the 
conditional probability distribution of   ,         , will allow the selection of    samples 
given the value of   that preserves the correlation between   and  . 
 
 
If the samples of    are selected without considering the conditional distribution, it 
can cause an uncorrelated sample selection, which leads to under counting or double 
counting of the impact of risk. The multiple or insufficient counting depends upon the 
sampled value of   . For example, a random value of    is sampled from the 
               
 
   
 
(a) (b) (c) 
Figure 3.11: Correlated impacts of risk events   and   
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distribution      , instead of sampling it from the conditional distribution,         , 
which may change the correlation with   . If the actual correlation is low, and a sample 
of    is selected that has high correlation with   , it produces a situation where    
falsely appears to have more influence over   , as shown with the shaded area in Figure 
3.11(b), which would mean that the values of   change in a perfectly linear fashion with 
the values of   . A reverse situation is shown on Figure 3.11(c), where the actual 
correlation is high but the sampled value of    produces a low correlation with   , as 
shown in the shaded area, which would mean that the values of    will not change 
according to the values of    due to the selected value that has low correlation. These 
situations cause an under counting or over counting of the risk impact, depending upon 
the sampled value of  . 
Conditional probability distributions help to avoid selection of uncorrelated samples 
where random variables have correlations. Consider risk impacts of    and    shown in 
Table 3.7 with their respective marginal distributions       and       on the side; also 
shown in the middle is their joint probability distribution,         . 
Table 3.7: Marginal and Joint Distributions of   and   
  
   
 
  
                                                 
   
    0.1                   0.1 
      0.1                 0.1 
        0.1               0.1 
          0.1             0.1 
            0.1           0.1 
              0.1         0.1 
                0.1       0.1 
                  0.1     0.1 
                    0.1   0.1 
                      0.1 0.1 
 
      0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
 
Table 3.8 shows the conditional distribution         , in the middle, estimated from 
the marginal and joint distributions       ,      ,  and         , respectively, such that:  
         
        
     
      (3.11) 
Each column represents the conditional distribution, i.e., the first column is the 
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conditional distribution when    is sampled when    0.1, i.e.,             . Therefore, 
the only samples of   that are correlated with        will be selected. 
Table 3.8: Conditional distribution           
  
   
 
  
                                              
   
    1                   0.1 
      1                 0.1 
        1               0.1 
          1             0.1 
            1           0.1 
              1         0.1 
                1       0.1 
                  1     0.1 
                    1   0.1 
                      1 0.1 
 
      0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
 
Consider that the random impacts of risk events modelled with random variable   , 
having known probability distributions,      , where   is the index of the risk events and 
   are the single realizations of the random variable,   , at some time instance. Similarly, 
the overall random impact of all the risk events is a random variable  , having 
probability distribution     . 
When all the risk events have probabilistic independence, the probability distribution 
     of the overall random risk impact,  , is the product of the marginal probability 
distributions,      , of all the risk events [PO91] [MO07], as follows: 
                         (3.12) 
Whereas, when all the risk events have probabilistic dependence, the probability 
distribution,     , of the overall risk impact is the joint probability distribution of the 
marginal distributions,      , of all the risk events as follows: 
                      (3.13) 
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When the joint probability distribution,              , of the impact of statistically 
dependent random risk events is fully specified, then equation (3.13) can be expanded as 
follows, where   ’s can be generated independently [PO91]: 
                   …                 (3.14) 
From equation (3.11) it follows: 
              
         
     
    (3.15) 
The overall random risk impact,  , having distribution      of all the risk events each 
having random impacts,   , is the product of their impacts sampled from their 
respective marginal distributions,      , such that: 
            ,     
      (3.16) 
When the risk impacts are in terms of single values and they have correlated impacts, 
researchers have proposed different techniques to combine the single point correlated 
values [VA03] [LY88].  
3.3.2. A Scheme of Risk Classifications 
Based on the above risk classifications, the risk events of a software project are 
classified in the following four categories: 
 Independent and Statistically Independent (ISI): these risk events are not caused 
by other risk event(s); also, their impacts have no correlation with other risk 
event(s). 
 Dependent and Statistically Independent (DSI): such risk events are caused by 
other risk event(s), and their impacts are also dependent on other risk event(s). 
Their impacts may be correlated with the risk event(s) that cause them to occur or 
may be correlated with the risk event(s) that do not cause them to occur. 
 Independent and Statistically Dependent (ISD): these risk events are not caused 
by other risk event(s); hence, they are independent, yet their impacts are 
correlated with the impact(s) of other risk event(s). 
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 Dependent and Statistically Dependent (DSD): such risk events depend on other 
risk event(s) to occur; once they’ve occurred, their impacts are correlated with the 
impact(s) of other risk event(s). Their risk impacts may be correlated with the 
impact(s) of the risk event(s) that cause them to occur or on the risk event(s) that 
do not cause them to occur. 
The proposed risk classification scheme qualitatively defines risk events as dependent 
or independent, whereas, quantitatively, the risk classification scheme defines the 
impacts of risk events as statistically dependent (correlated) or statistically independent 
(uncorrelated). For risk identification, the Software Engineering Institute (SEI) [WI99] 
[CR93] risk taxonomy is adopted, which helps to classify the risk events according to the 
proposed risk classifications. The SEI’s risk taxonomy classifies risks into classes where 
each class has different subsets of risks called attributes, and each attribute has multiple 
elements that represent risk events of software projects. 
SEI provides a questionnaire-based approach called the Taxonomy Based Questionnaire 
(TBQ) for the systematic identification of a software project risk [WI99] [CR93]. The TBQ 
consists of a list of questions to analyze risk in each taxonomy category. The TBQ 
ensures that all risk events of the software project are systematically addressed and 
identified. The SEI questionnaire consists of 194 questions addressing different attributes 
of risks of the software project. 
The SEI risk taxonomy TBQ consists of three main classes. Each class is further 
divided into 13 elements, and each element is characterized by a set of attributes as 
shown in Table 3.9. All told, there are 3 classes, 13 elements and 64 attributes. The three 
classes of the TBQ are; product engineering (PE), development environment (DE) and program 
constraints (PC).  
The PE class has 5 elements namely: Requirements, Design, Code and Unit Test, 
Integration and Test and Engineering Specialties, whereas the DE class has 5 elements and 
the PC class has 3 elements. Further, the Requirement’s element of the PE class has these 
attributes: Stability, Completeness, Clarity, Validity, Feasibility, Precedence and Scale. 
Similarly, the elements of the other SEI classes are also characterized by different 
attributes. The risk events are identified through a set of TBQ questions where each 
attribute of the SEI class is described as a potential risk event, and each SEI class is 
described as a collection of risk events. 
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Table 3.9: SEI Risk Taxonomy (classes, elements and attributes) [CR93] 
Product Engineering Development Environment Program Constraints 
1. Requirements 
    a. Stability 
    b. Completeness 
    c. Clarity 
    d. Validity 
    e. Feasibility 
    f. Precedent 
    g. Scale 
2. Design 
    a. Functionality 
    b. Difficulty 
    c. Interfaces 
    d. Performance 
    e. Testability 
    f. Hardware Constraints 
    g. Non-Developmental  
Software 
3. Code and Unit Test 
     a. Feasibility 
     b. Testing 
     c. Coding and  
Implementation 
4. Integration and Test 
     a. Environment 
     b. Product 
     c. System 
5. Engineering Specialties 
    a. Maintainability  
    b. Reliability 
    c. Safety 
    d. Security 
    e. Human Parameters 
    f. Specifications 
1. Development Process 
    a. Formality 
    b. Suitability 
    c. Process Control 
    d. Familiarity 
    e. Product Control 
2. Development System 
   a. Capacity  
    b. Suitability 
    c. Usability 
    d. Familiarity 
    e. Reliability 
    f. System Support 
    g. Deliverability 
3. Management Process 
    a. Planning 
    b. Project Organization 
    c. Management  
Experience 
    d. Program Interfaces 
4. Management Methods  
    a. Monitoring 
    b. Personnel Management 
    c. Quality Assurance 
    d. Configuration 
Management 
5. Work Environment 
    a. Quality Attitude 
    b. Cooperation 
    c. Communication 
    d. Morale 
 
1. Resources 
    a. Schedule 
    b. Staff 
    c. Budget 
    d. Facilities 
2. Contract 
    a. Type of Contract 
    b. Restrictions 
    c. Dependencies 
3. Program Interfaces 
    a. Customer 
    b. Associate Contractors 
    c. Subcontractors 
    d. Prime Contractor 
    e. Corporate Management 
    f. Vendors 
    g. Politics 
 
The PE class deals with the software development activities in order to satisfy the 
specified software requirements. The risk events associated with the PE class arise from 
the unstable or changing requirements, poor software design, and inadequate testing 
coverage, which are characterized by attributes of the PE class. The DE class is concerned 
with the practice and the processes used to develop the software. The risk events of the 
DE class are due to the lack of a defined developmental process, poor process control, 
lack of communication and quality concerns. The PC class attributes are external events 
having an impact on the software project. These risk events may be beyond the control of 
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the software project management but still contribute to the overall risk of the software 
project. 
The SEI’s risk taxonomy classes are chosen such that the elements and the attributes 
of a class are related; hence, they are defined to have statistically dependent (correlated) 
impacts. For example, the Stability attribute of the Requirement element has two 
questions [CR93]: 
Q.1: Are requirements stable? 
Q.2: Are the external interfaces changing? 
These questions help to understand the risk event that is caused by the stability of the 
software requirements. The Stability risk event is independent of the other attributes of 
the Requirement element. For example, the Completeness attribute of the Requirement 
element does not trigger the stability of the requirement, while the Completeness and 
Stability of the software project requirement are statistically dependent, as question 5 
and 6 of the Completeness attribute explains: 
Q.5: Does the customer have unwritten requirements? 
Q.6: Are the external interfaces completely defined? 
The customer’s unwritten requirements, Q.5, have consequences for the Stability of 
the requirement, referring back to Q.1. Similarly, if the external interfaces are not 
completely defined as expressed by Q.6, then it causes the external interfaces to change 
which is referred in Q.2. Questions 5 and 6 of the Completeness element are correlated 
with questions Q.1 and Q.2 of the Stability attribute. Hence, the Stability and the 
Completeness attributes are statistically dependent as they measure the same underlying 
risk of the software project. Therefore, the risk impacts of attributes of a class are 
statistically dependent on each other. To estimate the overall risk impact of a SEI risk 
class, the impacts of all the risk events of that class are statistically combined. 
The description of SEI classes shows that attributes (risk events) of a class are 
independent of the attributes of other SEI classes. Therefore, the overall risk impact of a 
SEI class is statistically independent of the overall risk impact of other SEI classes. 
Therefore, based on the risk classification, the overall risk impact of different SEI classes 
is identified as ISI, while attributes of a SEI class are classified as ISD. 
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Risk classification, when implemented within the SEI’s risk taxonomy, shows that the 
overall risk due to each class is independent of the risks of other SEI classes; also, the risk 
due to different elements of a class is independent of the elements of the same class. 
Furthermore, the impacts of the risk events of different taxonomy classes are statistically 
independent, while the impacts of risk events within a taxonomy class that occur due to 
elements of the class are statistically dependent. 
3.3.3. Assessment of Risk 
The next step in the risk assessment of a software project is to estimate the overall risk 
impact due to all the identified risk events. The risk events are identified using the SEI 
taxonomy based questionnaire (TBQ) where each attribute of a SEI class is a potential 
risk event and assigned an impact on a scale of      , based on an expert opinion. 
3.3.3.1 Estimation of Overall Impact of risk  
The identified risk events of a SEI risk class are classified as independent and 
statistically independent (ISI). To estimate the risk impact of a SEI risk class due to all the 
attributes of that SEI class, a histogram of the assigned risk impacts of all the attributes of 
an SEI class is constructed, and the Beta distribution parameters,      , are estimated 
from the histogram, which reveals the range and the spread of the risk impacts due to all 
the risk events of the SEI class. The estimated Beta distribution, 
                          , models the random risk impact,       , due to all the risk 
events identified through the attributes of the SEI class. This process is repeated for all 
SEI risk classes. 
The risk events of the three SEI risk classes, Program Engineering (pro), development 
environment (dev) and program constraints (con), generates Beta distributions 
               ,                 and                . They model the random risk 
impacts,     ,      and       due to the risk events of the Program Engineering, 
development environment and program constraints SEI classes, respectively.  
The random overall risk impact,  , of the software project is the product of the risk 
impact of all the SEI risk classes is expressed below: 
                                 (3.17) 
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The probability distribution of the random overall risk impact, , is the product of the 
marginal distributions of all the SEI classes, since they are classified as independent and 
statistically independent, ISI. Therefore, from equation (3.17), the following expression 
represents the joint probability distribution,                  , of all the risk impacts: 
 (              )                                                    (3.18) 
Therefore, the probability that the random overall risk,  , of a software project due to 
risk impacts     ,      and      (where      ,      and      are the single realizations of the 
random risk impacts     ,      and      at some time instance, respectively) is 
represented as,  (              )                                  , which is 
estimated as follows: 
 (              )   (    )                       (3.19) 
Consider a software project where the software manager uses the SEI risk 
identification scheme and assigned risk impact values on a scale of      , these assigned 
imapct values are shown in Table 3.10 as percentages. Figure 3.12 shows the histograms 
of the impact of SEI risk classes, constructed from the values in the Table 3.10, together 
with the Beta distributions of the impacts of each SEI risk class,     ,      and     . 
Then the joint probability distribution,  (              ), is estimated using the equation 
(3.18) that is shown in Figure 3.13. 
A Monte Carlo simulation generates the histogram of the overall risk impact,  , 
which selects the random risk impact samples of     ,      and      from the joint 
distribution                   and estimates   using the equation (3.17). Running the 
Monte Carlo simulation a few hundred times constructs the histogram of the overall risk 
impact, as shown in Figure 3.14. The probabilities that          ,           and 
          are  [              ]        ,                          and 
                        . Therefore, the joint probability,                  
               , is estimated from the joint probability distribution, using equation 
(3.19), is  [                             ]        . 
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Table 3.10: Set of risk impact values (percentages) 
Product Engineering Development Environment Program Constraints 
Requirements   Development Process   Resources   
Stability 20 Formality 50 Schedule 10 
Completeness 18 Suitability 5 Staff 5 
Clarity 12 Process Control 12 Budget 25 
Validity 15 Familiarity 15 Facilities 20 
Feasibility 25 Product Control 40 Contract   
Precedent 15 Development System   Type of Contract 20 
Scale 30 Capacity 18 Restrictions 25 
Design   Suitability 25 Dependencies 25 
Functionality 15 Usability 
18 
Program Interfaces   
Difficulty 10 Familiarity 30 Customer 30 
Interfaces 8 Reliability 
15 
Associate Contractors 40 
Performance 8  System Support   Subcontractors 35 
Testability 12 Deliverability 
12 
 Prime Contractor 40 
Hardware 
Constraints 
5 Management Process 
  
Corporate 
Management 
50 
Non-Developmental  
Software 
10 Planning 80 Vendors   
Code and Unit Test   Project Organization 70 Politics   
Feasibility 30 Management  Experience 60   
Testing 35 Program Interfaces   
Coding and  
Implementation 
35 Management Methods    
Integration and Test   Monitoring 18 
Environment 40 Personnel Management 25 
Product 50 Quality Assurance 10 
System 60 Configuration Management 20 
Engineering 
Specialties 
  Work Environment   
Maintainability 20 Quality Attitude 20 
Reliability 25 Cooperation 8 
Safety 25  Communication 25 
Security 30 Morale 20 
 Human Parameters 18  
Specifications 20 
 
The proposed risk assessment model is used for the strategic management process of 
software projects. Therefore, the validation of the proposed risk assessment model is 
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conducted with the validation of the simulation model for the strategic management 
process of software projects. 
 
Figure 3.12:                    of SEI risk classes  
 
 
Figure 3.13: Joint Cumulative Probability Distribution                   
   
 Chapter -3 Software Cost and Risk 98 
 
 
Figure 3.14: Overall Estimated Cost with Risk Impact 
3.4. Summary 
The cost estimation process is a critical activity for software projects, since reliable cost 
estimates play a fundamental role in the success of a software project. Researchers model 
the estimated cost of software projects using Gamma distributions. The chapter discussed 
how to model the single point estimates of cost using probabilistic models by mapping 
the single point estimate to the expectation of a probability distribution.  
The chapter also discussed the susceptibility of the estimated cost of software projects 
to violate the subadditive property and argued that the cost estimation process must 
fulfill the subadditive property to have reliable estimates. The software cost estimation 
process influences all areas of software development activities. Therefore, it is important 
for software managers to understand the subadditive pitfall hidden in the cost estimation 
process so as to generate cost estimates of software projects that are not over- or 
underestimated. The software project manager should be confident that the estimated 
cost of different tasks of a software project is the adequate cost needed to complete the 
software project.  
Risks are defined as events that bring monetary consequences to software projects. The 
chapter illustrate that Beta distributions are a suitable model for the impact of risk events 
as these distributions are defined within the range of [0-1]. Additionally, the estimated 
cost of software projects should take into account the impact of risk events to reflect the 
cost due to occurrence of risk events. Therefore, the estimates of costs can be integrated 
with the overall impact of risk events using the probabilistic models of cost and risk.  
Risk assessment establishes the impact and probability of risk events. The steps of risk 
management are: identification, classification and assessment. The traditional risk 
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assessment models focus on the identification and the analysis of risk events, while risk 
classification has not received much attention. The chapter introduces a novel risk 
assessment model that classifies risk events based on their dependence and correlation. 
The proposed risk assessment model helps to avoid misleading risk exposure due to 
dependent risk events. Additionally, the model avoids counting the impact of statistically 
dependent (correlated) risk events twice. The proposed risk assessment model relies on 
the SEI risk taxonomy for the identification of risk and uses the SEI classes and attributes 
for the classification of the risk events. 
This chapter has achieved the 1st objective of the research work and has presented a 
risk assessment model for software development projects. The next chapter discusses the 
risk measure and contingency resource estimation models for software projects. The 
measure of risk and the contingency estimates serves as a parameter for the strategic 
decision making for the simulation of the strategic management process. 
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Strategic management decisions need to be based on the quantitative analysis of the 
parameters of strategic importance. The risk and cost of software projects are two such 
parameters that provide information about the effectiveness of different strategic 
management decisions. The probabilistic models of cost and risk bring out the critical 
view of these parameters. Software managers do not like to deal with probabilistic 
models [KI97]. Instead, they prefer single parameters, which can be easily mapped onto 
real world scenarios. Risk measure and contingency estimates are two such single value 
parameters derived from the probabilistic models of cost and risk, which capture the 
breadth and depth of the cost and risk of software projects.  
Software risk measure,     , is defined as a mapping of a set of risk events to their 
expectation of cost, which measures the impact of risk events on the estimated cost,  . 
Therefore, software risk measure,     , is a single value of expected cost that is needed 
to manage and control this set of risk events of software projects. Software risk measure 
is represented in units of cost, i.e., man-months, and increasing the risk measure requires 
that more cost needs to be allocated for the software project and allows managing the 
impact of more severe risk events. Therefore, the software risk measure is related to the 
risk tolerance of an organization. 
Additionally, the software risk measure,     , helps to define the contingency 
resources needed to safeguard software projects against certain categories of risk events. 
The contingency resources are those resources that are needed to abate the impact of risk 
events. The software risk measure takes into account the estimated cost, integrated with 
risk; hence, it helps to estimate the contingency resources which are correlated with the 
cost and risk of software projects. Thus, estimated contingency resources protect 
software projects against risk events based on the software risk measure. 
This chapter introduces the concept of risk measure for software projects which is 
adopted from the field of finance. Risk measurement is a critical parameter for decision 
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making and decision selection in order to safeguard financial investments from 
producing undesirable results due to risk events. The chapter constructs a risk 
measurement model for software projects using analogies from financial models. 
Additionally, the chapter presents a contingency estimation model for software 
development projects, which is inspired from a financial contingency estimation model.  
Estimated cost of a software project can have unbounded values due to certain 
categories of risk events. Contingency resources are limited resources, and represent the 
risk tolerance of a software organization. Therefore, contingencies can only deal with the 
impact of risk events that are within the tolerable limits of the organization. While some 
risk events of software projects result in unbounded values of cost, these extreme costs 
cannot be handled with contingency reserves, as having large contingency reserves 
would be uneconomical. Therefore, the categories of risk events which cause unbounded 
impacts on cost cannot be dealt with through contingency resources. The following 
section defines categories of risk events that are used to define the software risk measure 
and contingency estimation models. 
4.1. Risk Categories 
Software risk measure deals with a category of risk events, rather than focusing on a 
single risk event, and maps a category of risk events to the expected cost necessary to 
safeguard software projects against that category of risk events. Therefore, defining 
different categories for the risk events of software projects, based on their levels of 
impacts, helps to construct a risk measurement model.  
For the software risk measure and contingency estimation model, three categories of 
risk events are defined, namely: nominal-case, worst-case, and extreme-case risk events. In 
this context, the space of risk events,      is further partitioned into spaces  ,   and    
representing the nominal-case, worst-case, and extreme-case risk events, respectively. 
These events are disjointed partitions of space,    such that     ,      and    . The 
sub-spaces of risk events are mapped to the random impacts of risk, causing random 
values of costs; therefore, sub-spaces are mapped to disjointed partitions of  , i.e.,    
 ,    ,    . Figure 4.1 shows a scenario where the estimated cost,  , is modeled with 
a Gamma distribution and different segments of random variable   are mapped to 
different sub-spaces of risk events. 
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Figure 4.1: Estimated Cost model,         
4.1.1. Nominal-case Risk Events 
Nominal-case risk events are usually known, [BN08] and they do not require 
contingency resources, even though these risk events increase the estimated cost of 
software projects. Nominal-case risk events are handled with appropriate project 
management policies and are likely to occur during the lifecycle of the software project. 
4.1.2. Worst-case Risk Events 
Worst-case risk events bring monetary consequences that add to the expected value, 
    , of the estimated cost of a software project and bring the estimated cost into the cost 
region,   , where contingency resources are needed to combat these risk events. 
Therefore, worst-case risk events are managed through appropriate allocation of the 
contingency resource. 
4.1.3. Extreme-case Risk Events 
Extreme-case risk events add extreme values to the expected cost,     , and cause it to 
be unbounded (   is unbounded). Extreme-case risk events are low probability events 
which have large magnitudes of adverse impact on the estimated cost.  Handling these 
risk events requires large amounts of unrealistic contingency resources; hence, these risk 
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events cannot be managed with contingency resources. Software project management 
should address extreme-case risk events in the project management plan and define 
policies to handle extreme-case risk events should they occur. 
4.2. Software Perspective of Risk Measure 
Software risk measure is based on analogies with a financial risk measure called 
Expected Shortfall (ES) [AC03] [YA05] [CA01], which is widely accepted among financial 
planners. The ES maps a specific set of financial risk events to monetary values of 
financial investments, which helps financial managers to define the contingency capital 
necessary to protect their financial investments against financial risk.  
Financial risk measure models can be adopted for software development projects. The 
following section takes a look at the ES financial model and applies it to the estimated 
cost of a software project, which suggests that the software risk measure model has 
unique requirements that need to be addressed. 
4.2.1. Expected Shortfall for Software Projects 
The software cost due to risk events,   , is on the upper tail of X ; therefore, the ES 
expression, equation (2.9), is redefined for the estimated cost of software projects,  , as 
follows: 
        
    [  {    }]     (4.1) 
The preceding expression captures the expectation of additional cost beyond the high 
percentile   of        . Additionally, the equation for contingency estimation is 
updated as Contingency=          for software projects. 
Now, consider a software project having an expectation of      100 man-months, 
where the estimated cost is modeled with the Gamma distribution. Therefore, the 
shaping parameters,   and  , of the Gamma distribution are estimated as  =2 and  =50 
such that         =100. Figure 4.2 illustrates the estimated cost distribution, 
         . Using equation (4.1), the risk measure ES      at  =95% is estimated as 
         =282 man-months, which is the expectation of estimated cost beyond 95% of the 
probability. Therefore, the contingency resources needed to safeguard the software 
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project,          , against the highest 5% additional cost due to the risk events, is 
obtained from equation (4.8), i.e.,               =282-100=182 man-months.  
These contingency resources, 182 man-months, are extreme values compared to the 
expectation of     =100 man-months. This is due to the heavy tail of the estimated cost 
distribution,          , which has unbounded values of additional cost,  
 . When a 
75% probability is chosen, i.e.,   0.75, the ES produces          =196 man-months, and 
the contingency resources are estimated as,               =196-100=96 man-months, 
which is 96% of the expected cost of 100 man-months; again, this is an extreme value. 
The financial risk measure model, ES, produces extreme values of contingency 
resources for software projects. Such extreme values of contingency resources are 
uneconomical; therefore, a risk measure model specific for software projects is needed to 
estimate realistic contingency resources. To construct a risk measure model suitable for 
the estimated cost of software projects, it is necessary to understand the requirements 
from the perspective of the estimated cost of software projects. 
 
Figure 4.2: Estimated Software Project Cost,                 with           
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4.2.2. Requirements for Software Risk Measure Model 
Financial risk measure models are expected to satisfy certain axioms addressing 
various statistical characteristics in order to be acceptable [DN06] [AR99] [CH04] [DL99]. 
To establish the requirements for the software risk measure model, two axioms of 
financial risk measure models are adopted, which are non-excessive loading and non-
negative loading [DN06]. These axioms deals with the acceptable amount of additional 
costs, as estimated cost of a software project may experience unbounded values of 
additional costs. Additionally, the software risk measure model establishes the 
minimum cost bound as the lowest cost to complete the software project cannot be zero, 
i.e.,     . 
Further, the proposed software risk measure model focuses on the worst-case risk 
events of the software project. Other requirements for the software risk measure model 
are that it must fulfill the subadditivity property and that it should be scalable to a 
portfolio of software projects. These requirements are discussed in the following 
sections. 
4.2.2.1. Non-excessive loading:              
The financial non-excessive loading axiom suggests that the maximum risk measure 
should be at most equal to the maximum financial loss, i.e.,             . The 
maximum risk of a financial investment,     , is the loss of the whole investment, i.e., 
    =0; hence, the maximum financial risk is bounded with zero. Therefore, contingency 
capital reserves more than the maximum risk are unnecessary. 
Whereas the maximum cost,        , required to complete a software project is 
unbounded, it causes the risk measure,     , to have extreme values. Therefore, to have 
economical contingency resources, the software cost should have an upper bound 
defined so that              is within acceptable limits of risk tolerance of a software 
organization. 
4.2.2.2. Non-negative loading:            
The financial non-negative loading axiom suggests that the minimum risk measure 
should be, at least, equal to the expectation of financial losses, i.e.,           . The 
expectation of cost due to risk events,      , of software projects could reach to extreme 
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values and cause extreme values of risk measure. Therefore, the software cost should 
have an upper bound defined to ensure acceptable expectation of the cost such that 
          . 
4.2.2.3. Minimum Cost Bound:        
The minimum cost, m      , required to complete a software project is expected to be 
more than 0 and less than the expectation of the estimated cost distribution, i.e.,     . It 
sets a requirement that a lower bound,        , must be defined by the estimated 
software cost, such that          , should be bounded. Therefore, the lowest cost 
needed to complete a software project is defined as          .  
The optimum values of lower and upper bounds of  , suggested by the non-excessive 
and non-negative loading axioms, depends on various parameters, i.e., size of the 
software project, risk tolerance of the organization, and experience in risk management. 
4.2.2.4. Worst-Case Risk Events Focus:     
The software risk measure model is not defined over the entire space,  , of risk events, 
rather it can focus on the worst-case risk events of space  . Therefore, the software risk 
measure model maps worst-case risk events with the expected cost. (i.e., the expectation 
of the estimated cost,  , caused by worst-case risk events,    ). 
4.2.2.5. Subadditive Property 
The software risk measure model should fulfill the subadditivity requirement, as 
expressed in equation (3.8). Therefore, risk measure of a portfolio of software project   
that has two software projects,    and   , such that        , should produce 
              . 
4.2.2.6. Scalable to a Portfolio of Software Projects 
Contingency resources are best utilized with a portfolio focus [KI03]; therefore, 
another requirement for the proposed software risk measure model is that the model 
should be scalable to a portfolio of software projects. 
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4.2.3. Software Risk Measure Model 
The risk measure model,     , establishes correspondence between the random 
estimated  cost,            , and positive real numbers,   . The estimated cost of a 
software project is said to have integrated impacts on risk events defined in the sub    
algebra   such that               [GM01] [APPENDIX_B]. Therefore, the risk 
measure,     , is a function with domain               and range    such that 
                     . 
Based on the non-excessive, non-negative, and minimum cost requirements; the 
100    and 100    percentiles of   are defined as the lower and upper bounds of  , 
respectively [APPENDIX_A], where, the upper bound of cost  , i.e. 100    percentile of 
 , represents the maximum cost due to worst-case risk events of software projects. 
4.2.4. Definition of Software Risk Measure 
The software risk measure operates on the estimated cost of the software project, 
bounded within the lower and upper bound. Therefore, the cost,            , is 
defined as follows: 
Definition:        is the bounded estimated cost of a software project, defined as        
                          , where    and    are the 100 
   and 100    percentiles of  , 
representing the lower and upper bounds of  , respectively [APPENDIX_A]. 
The software risk measure model,     , is defined over the bounded estimated cost 
       of the software project and resolves the following question:  
Question: What is the expectation of maximum  % cost due to worst-case risk events mapped 
to the  estimated cost,       .  
The maximum  % estimated cost of the software project due to worst-case risk events 
occupy the area in the upper tail of       , i.e., in the region between 100 
   and 100    
         percentiles of  . The random costs that are mapped to the region between 
100    and 100    percentiles of   are the equivalence class of bounded random 
variables of             [APPENDIX_B], represented as         
         [TA98] 
[DL99]. 
 Chapter -4 Software Risk Measure 108 
 
Therefore, the software risk measure model is conditional and is defined on the 
random variables         
        , and represented as              [DT05] [BN04]. The 
software risk measure estimates the expectation of random variables         
         
resulting in the mapping of random variables from         
         to    [BN04]. 
Definition: Software risk measure is a conditional risk measure that maps the bounded random 
variables,         
        , to their expectation,  
 , resulting in the following mapping, 
where        are the cost samples due to  % worst-case risk events: 
  ( |      )         
        ⟶      (4.2) 
4.2.5. Construction of the Software Risk Measure Model 
Consider   the estimated cost samples of a software project that are randomly 
generated from a distribution producing a sequence of random cost samples. It should 
be noted that these samples can come from any distribution chosen to model the 
estimated cost of a software project integrated with the impact of risk events. The 
random samples of the sequence are arranged by their order of magnitude, where    is 
the discrete     sample of the sequence. The discrete samples,     are identically 
distributed having random variables            , here the probability distribution of 
  may or may not be known. 
The probability of the     sample,   (  )          , suggests that       if and 
only if at least   of the   random samples of the sequence are less than or equal to    , 
where    is the  
   percentile of the distribution of the estimated cost,             
[MO07] [RM07]. 
Further, let                    be a random variable that counts the number of 
samples of the sequence that are less than or equal to     percentile of  . Therefore, the 
number of samples of    that are less than or equal to   , i.e.,      , is approximated 
with                   . Similarly,    and    are estimated as               
     and                   , respectively. Therefore, the sample     of    is the 
sample where          such that                     . Similarly, the samples 
    and     are the samples where          and         . Figure 4.3 illustrates this 
scenario. 
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As shown in equation (4.2), the software risk measure,             , is the expectation 
of the area of the distribution between the 100    and 100    percentiles of  , i.e. 
        
        . Therefore, for discrete cost samples of   , the software risk measure, 
  (  |       ), is the average of the samples between     and     and is expressed as 
follows: 
  (  |       )  
 
       
[∑   
                
         
] 
 
Figure 4.3: Estimated Software Cost Samples,    
To estimate and adjust the overestimated and underestimated values [APPENDIX_A]: 
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As  ⟶  , the average of samples lead to expectation      and 
  
  
⟶   [PO91] [DE08], 
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The   (  |       ) expression in equation (4.3) represents the expectation of the cost 
due to the impact of a maximum    of worst-case risk events. The term (          
 ) in equation (4.3) is the excess estimation of the probability           when  {   
   }   , which is subtracted from the expression of   (  |       ). However,  (  
         ) and (           ) are added to   (  |       ) for the cases when 
            and            , respectively [APPENDIX_A]. 
The   ( |      ) expression in equation (4.3) fully encompasses the question it is 
meant to resolve and offers the expectation of maximum    estimated cost due to 
worst- case risk events of the estimated cost,            . It is worthwhile to note that 
  ( |      ) does not depend on the shape of the distribution of the estimated cost of the 
software project, which may take any shape depending on the severity of the risk events. 
When the distribution of   is fully specified and is modeled by a continuous 
distribution, then any random sample     becomes equal to   , i.e.,       , and its 
probability becomes            [    ]    and            [    ]     . 
Therefore,          ,           and           become  ,   and  , respectively, and 
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the terms                 ,    (   {      }) and                 vanish 
from equation (4.3), leading to: 
  ( |      )  
 
     
 [  [                  ]]        (4.4) 
It is worthwhile to note that   (  |       ) and   ( |      ) are independent of the 
shape of the underlying distributions of the estimated cost of software projects. There are 
three scenarios for software risk measure. First, when the discrete cost samples,   , are 
specified along with the associated probabilities. For this scenario, values are assigned to 
 ,   and   and the respective samples are estimated from    since any sample     is at 
                   . Alternatively, the values to    ,     and     are assigned such 
that the actual sample values and their associated probabilities,  {      }   , 
 {      }    and  {      }   , are estimated. These values are then used in 
equation (4.3) to estimate the software risk measure. 
The second scenario is when the distribution of cost,  , is fully specified. For this case, 
the values of   ,    and  , or alternatively, the values of  ,   and   can be assigned. Then 
the estimation of  ,   and    from   ,    and  , or the estimation of   ,    and    from  , 
  and   are straight forward because any 100 th percentile of   obeys the relationship 
            (  ) and any random value    adheres to      
     . For this 
scenario, the software risk measure model expressed by equation (4.4) is used. The third 
scenario is when the cost samples,   , are estimated and these samples are fitted with a 
known parametric probability distribution, this then becomes the second case scenario. 
4.3. Software Contingency Estimation Model 
This section presents a contingency estimation model for software projects that uses 
the measure of risk for contingency estimation. The model is inspired by a financial 
contingency estimation model that uses financial risk measures [SC07]. Financial risk 
measures map financial risk events based on their monetary impacts on financial 
investments, which helps to estimate the financial contingency capital to protect the 
financial investment against financial risks [MR96] [YA05].  
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Software project managers are trying to estimate appropriate contingency resources to 
better manage the organizational resources. Risk events of a software project cause the 
estimated cost of the software project to move away from the most expected value,     , 
towards the larger values of cost, i.e.,   , which is regarded as the additional cost 
needed to complete the software project. The additional cost,   , of a software project is 
on the upper tail of the estimated cost distribution,        . Therefore, contrary to  
financial investment where losses are the low percentile of the distribution, the 
additional cost,   , due to risk events is the high percentile of the distribution of 
estimated cost of the software project because          . Therefore, the financial 
contingency estimation, in equation (2.5), is redefined for software projects as the 
difference between the software risk measure and the expectation of the estimated cost 
of the software project: 
Software Contingency=              (4.5) 
The main advantage of the proposed contingency estimation model, equation (4.5), is 
that it is independent of cost estimation and risk assessment models of software projects. 
Therefore, the model can be adopted using any project development tools and practices 
and provides a flexible option for software managers. The model takes a holistic 
approach that enables the estimation of contingency resources that are correlated with 
the cost and risk of software projects. The model is scalable to a portfolio of software 
projects and generates subadditive contingency estimates, which are essential for 
optimizing the available resources. In addition, a case study validates the proposed 
model, and results show that the contingency estimates coincide with the development 
experience of software projects. The proposed contingency estimation model utilizes a 
generic probabilistic view of cost for the contingency estimation and does not assume a 
specific parametric or non-parametric model of estimated cost [SC07] [FA95] [KI03].  
Estimated contingency resources for software projects are not always fully utilized, 
since some risk events may not occur during any development phase of software 
projects. Therefore, the contingency resources are best managed and utilized for a 
portfolio of software projects, since few projects of the portfolio may necessitate the use 
of the contingency reserves [KI03] [BN08]. 
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4.4. Examples of Risk Measure and Contingency 
Lets consider a software project. The software manager has assigned cost values to 
different risk events with associated probabilities, based on expert opinions generating a 
sequence of samples,   . The sequence has an expected cost of 2.5 man-months as shown 
in Figure 4.4. Furthermore, the software manager has estimated the minimum and 
maximum costs for the software project as the 25th and the 75th percentiles which are the 
100    and 100    percentiles, respectively, of the sequence. The manager wanted to 
manage       of the worst case-risk events, i.e.                    . 
Therefore, worst-case risk events of space   are the events that are mapped to the 
random cost values between           and 75th percentile of    and the     % worst-
case risk events are between the samples of 65th and 75th percentiles of   . Therefore, 
from the sequence   , the values of         ,          and          are estimated as       , 
       and        man-months, respectively, along with the respective probabilities of  
 {           }       ,  {           }        ,  {           }        , 
respectively. Applying the software risk measure model given by equation (4) produced 
    (  |             )         man-months. Therefore, the contingency for this software 
project, from equation (4.5), is estimated as     (  |             )                  
       man-months. The cumulative probabilities of the discrete samples,   , are shown 
in Figure 4.5. 
Now consider that this discrete sequence of cost samples is fitted with a gamma 
distribution and the cost samples of    are modeled with a continuous random variable, 
 , such that         , where the expectation of   is 2.5 man-months and the gamma 
distribution parameters are estimated as    ,        such that             . 
Then from the values of       ,        and           , the values of   ,    and 
   are estimated as       ,        and        man-months, respectively, and the 
software risk measure model defined by  equation (4.4) is used that produced software 
risk measure of     ( |            )         man-months. Figure 4.6 shows the 
cumulative probability distribution of                . The contingency is 
estimated as     ( |            )                            man-months. The 
estimated software risk measure is approximately 22% of the expected cost of 2.5 man-
months, which is in agreement with a real software development experience, as was 
reported by Fairley [FA95]. 
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Figure 4.4: Probability distribution of discrete cost samples,    
 
 
Figure 4.5: Cumulative distribution of discrete cost samples,    
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Figure 4.6: Cumulative probability distribution of cost   
4.5. Model Validation 
The model validation process assesses both the software risk measure model and the 
contingency estimation model. Both the model validation frameworks proposed by 
Lindland et al. [LL94] for conceptual models and Kitchenham et al. [KI03] [KI05] for 
evaluating software bidding models are used, and they are further extended for the 
validation process. 
Lindland et al.’s framework addresses the quality of the model and the quality of the 
modeling process, and it describes the correspondence between the quality of the model 
and the aspects of modeling. The quality of the model is described by Syntactic, 
Semantics, and Pragmatics qualities. The framework separates the model quality, called 
goals, with the means, which are modeling activities, to achieve those goals. The goals 
check the feasibility of the model with the means, meaning that goals should be achieved 
with modeling activities to a point where further modeling activities, to achieve that 
goal, would be uneconomical. 
Kitchenham et al. extended Lindland et al.’s framework by adding two quality goals 
called Test quality and Value quality. Test quality checks the test coverage of the model 
while Value quality relates the model with its value added. 
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Altogether, these models check five quality aspects of a model, namely Syntactic, 
Semantic, Pragmatic, Test, and Value. The Syntactic quality goal is to ensure that all 
statements in the model are syntactically correct, by means of manual syntax checking. 
The Semantic quality goal is to ensure the validity and completeness of the model, by 
means of checking the model’s correspondence with the domain. The Pragmatic quality 
goal is to ensure that the model is adequately interpreted by the targeted audience. The 
Pragmatic quality goal is checked by presenting the model in a visual and documented 
format to the intended audience. The Test quality aspect ensures that the model has been 
adequately tested. The Test quality goal is checked by means of stability, fidelity, and 
sensitivity tests based on predefined scenarios and inputs. The Stability test checks 
whether the model produces the correct output. The Fidelity test checks whether the 
model output is consistent with real experiences. The Sensitivity test checks the behavior 
of the model in the presence of a wide range of input. The Value quality goal is to check 
the value added by the software risk measure model to the contingency estimation for 
software projects. The quality aspect of these frameworks is extended by adding 
Scalability and Subadditivity quality goals. The goal of Scalability is to determine 
whether the software risk measure model and the contingency estimations based on 
software risk measure is scalable to a portfolio of software projects by the means of 
generating hypothetical data. The goal of subadditivity is to ensure the subadditive 
behavior of the software risk measure model by means of driving the subadditive 
expression of the software risk measure model and defining a software cost estimation 
scenario to check the subadditivity. These goals are shows in Table 4.1. 
4.5.1.  Syntactic Quality 
The Syntactic correctness is checked by manually examining the syntax of the 
modeling language. The Modeling language consists of the technical documentation and 
programming language of the software risk measure model. The technical 
documentation defines the domain of the software risk measure model, while the 
programming language defines the implementation of the software risk measure model. 
Feasibility of the syntactic quality of the modeling language is achieved by identifying 
and fixing the syntactical issues. 
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  Table 4.1: Extended framework for quality validation of the models 
Quality Aspects Goals Model Properties Means 
Syntactic Syntactic correctness Model syntax Model Syntax checking 
Semantic  Feasible Validity 
 Feasible 
Completeness 
Correspondence 
with the Domain 
 Consistency 
Checking 
 Statement 
insertion/deletion 
Pragmatic  Feasible 
Comprehension 
 Feasible 
Understandability 
Model 
presentation and 
Structure 
 Visualization 
 Explanation 
Test Feasible Testing  Stability 
 Fidelity 
 Sensitivity 
Simulations based on 
hypothetical: 
 predefine scenarios 
 input manipulations 
Scalability Scalability for a portfolio 
of software projects 
 Scalability Simulations based on 
hypothetical software 
project portfolio 
Subadditivity  Sub-additive behavior  Subadditivity  Sub-additive model 
derivation 
 Subadditivity check 
for bottom-up 
software cost 
estimation. 
Value Value added Model 
importance and 
uniqueness 
Model value through 
analysis 
 
4.5.2. Semantic Quality 
The Semantic quality maps the technical documentation of the model, which defines 
the software risk measure model, with the programming language of the software risk 
measure model, which implements the software risk measure model. The Semantic 
quality goal is achieved by the completeness of the software risk measure model in view 
of the technical documentation and the implementation of the software risk measure 
model.  
4.5.3. Pragmatic Quality 
The identified targeted audiences of the model include academics, software industry 
consultants, and software practitioners. Pragmatic quality is achieved by ensuring that 
the reviewers are able to feasibly understand the software risk measure and contingency 
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estimation models by providing sufficient details and usage examples in the 
documentation of these models.  
4.5.4. Test Quality 
The Test quality goal was achieved by developing and conducting appropriate tests 
on the stability, fidelity, and sensitivity of the software risk measure model by the means 
of predefined scenarios and inputs. 
4.5.4.1. Stability Test 
The stability test ensures that the software risk measure model generates the expected 
output for a predefined set of inputs. The software risk measure,   ( |      ), is the 
expectation of the random variables between the 100    and 100    percentiles of  , i.e., 
  ( |      )               . Therefore, a truncated and scaled distribution  
  is 
constructed from the 100    and 100    percentiles of  , and expressed as follows 
[PO91]: 
                    
              
           
             (4.6) 
The expectation of    is defined as follows [LN05]: 
 [  ]  
∫                 
 
 
           
     (4.7) 
where                    , and, hence,   ( |      )     
  . The values of 
  ( |      ) and    
   are generated for predefined values of  ,   and   using a Monte 
Carlo simulation, in which   is modeled using a known parametric distribution. The box 
plot of   ( |      ) and  [ 
 
] is illustrated in Figure 4.7, which shows that   ( |      ) is 
consistent with the input and produces the expected output, i.e.      . 
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Figure 4.7: Box plots of  [  ] and   ( |      ) 
4.5.4.2. Fidelity Test 
The goal of the Fidelity test is achieved by using the COCOMO-II equation (2.1) to 
generate the estimated cost of a software project. The single point cost estimate of cost is 
mapped to the expectation of a Gamma distribution to model the estimated cost,  , of 
the software project. The software risk measure model operates on the cost,  , and 
estimates the contingency needed for the software project [BO81].  
Consider the cost estimation of a particular software project using the COCOMO-II 
model with   8.62 KDOC. The software manager selected the values of  , which are 
shown in Table 4.2; these values resulted in                           . In 
addition, the assigned values of the selected     cost drivers are shown in Table 4.3. 
COCOMO-II model estimated that      man-months of cost is required for the 
completion of the software project. The software manager mapped the estimated cost,  , 
to the expectation of a gamma distribution, and estimated the parameters of the gamma 
distribution          such that             , see Figure 4.8. 
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Table 4.2: Selected values of    from COCOMO-II 
   
Precedentedness 0.0 
Development Flexibility 0.0 
Architecture / Risk Resolution 0.84 
Team Cohesion 0.0 
Process Maturity 0.0 
∑   
    0.84 
Table 4.3: EAF Software Cost Drivers based on expert opinion 
Cost Driver Impact 
RELY Required Software Reliability 1.15 
DATA Database Size 1.09 
CPLX Product Complexity 1.00 
RUSE Required Reusability 1.00 
PEXP Platform Experience 1.00 
TIME Execution Time Constraint 1.11 
STOR Main Storage Constraint 1.06 
PVOL Platform Volatility 0.87 
PCON Personnel Continuity 0.84 
ACAP Analyst Capability 1.00 
DOCU Documentation to Match 
Lifecycle 
1.13 
PCAP Programmer Capability 1.16 
AEXP Applications Experience 1.10 
SITE Multi-site Operations 1.17 
LTEX  Language and Tool Experience 0.91 
TOOL Use of Software Tools 1.00 
SCED Required Development 
Schedule 
1.10 
    
   𝐶𝑜   𝐷  𝑣       1.8201 
 
The   algebra   is the power set of all risk events of the software project: 
                      (4.8) 
where           and      represents the nominal-case, worst-case and extreme-case risk 
events, respectively. The sub   algebra   of  , that contains only the worst-case risk 
events is the power set of all worst case risk events such that          . 
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Furthermore, the software manager decided to allow a maximum of 10% (     ) 
worst-case risk events and estimated that the minimum effort (  ) required to complete 
the software project is 24 man-months. Based on the risk tolerance of the organization, 
the software manager set the maximum affordable cost (  ) to 62.4 man-months. The 
values of         ,          and          (                       ) are 
estimated from  , and illustrated in Figure 4.9. Therefore, the risk events that cause the 
random costs between    and   , i.e.        , are the worst-case risk events that 
form the space  . The extreme-case risk events forming space   caused random costs 
that are greater than   , i.e.,     . The software risk measure model, shown in 
equation (4.3), generated     ( |                   )       man-months. 
 
Figure 4.8: Distribution of cost,   
The nominal-case risk events causes the cost      = 48 man-months. The worst-case 
risk events shifts the cost between 51.34 and 62.4 man-months, whereas, the extreme-
case risk events moves the cost from 62.4 man-months and onwards. These values 
correspond to following percentiles of  , as shown in Table 4.4 and illustrated in Figure 
4.9, which shows the cumulative probability distribution of  . 
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Table 4.4:    man-months and percentiles 
man-months of   percentiles of   
48 60.20 
51.34 63.26 
62.4 73.26 
Therefore, the software risk measure predicts that there is a risk of 57.5 man-months 
for managing a maximum of 10% worst-case risk events for this software project with an 
expected cost of 48 man-months. The estimated software risk measurement is 
approximately 19% of the expected cost of 48 man-months, which is in agreement with a 
real software development experience, reported by Fairley [FA95]. 
 
Figure 4.9: Cumulative Distribution of   
 
4.5.4.3. Sensitivity Test 
For a Sensitivity Test, consider cost estimation for a software project using basic 
COCOMO-II assessment. Assume the values         and   =        from the previous 
section (4.5.4.2) and  =5.078 KDOC, which produces  =28 man-months of the estimated 
cost. This single point value of the estimated cost,  , is mapped to the expectation of 
Gamma distribution,         . The Gamma distribution parameters   and   are 
estimated as   = 2 and   = 14, such that      = 2 14 = 28. The lower bound is set at   = 
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0.25 with   = 10%; the values of   are varied linearly between the range   = [0.65 0.95], 
which causes the values of   to vary as well between       [0.55   0.85]. The values 
of    ,    , and     are estimated together with their probabilities          ,  {   
   } and  {      }. Entering these values in the software risk measure model, 
equation (4.3), generates the expected man-month resources required to combat the 
maximum 10% cost estimates due to worst-case risk events of the software project 
having 28 man-months of expected cost for different values of the upper bound  . 
A plot of software risk measure with     and     is shown in Figure 4.10. This figure 
illustrates that software risk measure moves linearly with the values of   and  . The 
values of software risk measure,     and    , are closer for smaller values of   and   and 
move further apart for lager values of   and  . This is due to the fact that the Gamma 
distribution contains a heavy tail on the right side, causing the values     to change 
faster than the values of    . 
 
Figure 4.10:     ,     and     for [           ] 
4.5.5. Scalability Quality 
The test for the scalability of the software risk measure model to portfolios of software 
projects is achieved by constructing a portfolio of ten different software projects. Each 
software project has an estimated cost modeled with gamma distributions, i.e., 
 Chapter -4 Software Risk Measure 124 
 
             
           ,    , where   represents the project number. The smallest 
and the largest projects, in terms of cost, of the portfolio have cost expectations of 100 
man-months and 595.23 man-months, respectively. The random estimated cost of the 
portfolio,   , is the summation of the cost of each sub project of the portfolio, i.e., 
              such that  [  ]                            . The gamma 
distribution parameters for each software project,            ,    , are estimated. The 
risk measure estimates for each individual software project are shown in Table 4.5 along 
with their expected costs,  [  ]. The risk measure was calculated using the model shown 
in equation (4.3) assuming that     0.75,    0.25,   = 10% and        0.65. It is 
worth noting that each project may have different upper and lower bounds as well as 
different values of  . 
Table 4.5 shows that the project having an expected cost (     ) of 100 man-months 
has a risk tolerance (  ) of 133.93 man-months for   = 0.75. The 10% of the worst-case 
risk events caused random costs between           and           man-months. The 
software risk measure for this software project is estimated to be     (  |             )   
122.61 man-months. 
The estimated cost distributions of each software project are defined as independent. 
Therefore, the probability distribution of the cost of the portfolio,         , is the 
product of the marginal distributions of the cost of each of the software projects in the 
portfolio [PO91], 
 (  )                     (4.9) 
The probability that no worst-case risk events will occur in a software project of the 
portfolio is       . Therefore, the probability that no worst-case risk event will occur in 
any software project of the portfolio is              
          = 0.0135 [19, 33] and the 
estimated cost of the portfolio for this probability is      ∑   
        = 4107.8 man-
months. Similarly, the joint probability that all worst-case risk events associated with 
each of the software projects will occur is               
          = 0.0563, and the 
estimated cost of the portfolio for this probability is therefore     ∑   
         4981.4 
man-months. The probability of all worst-case risk events drops to an insignificant 5% 
when the software projects are managed within a portfolio. 
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Therefore, the risk measure for the portfolio is defined as the total estimated cost from 
all the worst-case risk events of the portfolio times their joint probability, i.e. ∑   
        
    
       = 4981.4 0.0563 = 280.45 man-months. This risk measure is 7.59% of the 
expected cost of the portfolio which is  [  ]                 = 3693.03 man-
months. This example explains how the software risk measure can be scaled to a 
portfolio of software projects and further proves that the risk for a portfolio is less than 
the combined risk of its individual software projects; hence, risk is better managed 
within a portfolio. 
Table 4.5: Risk Measure and Contingency of Software Projects and Portfolio 
Projects  [  ]   (  |       ) Contingency               
   100.00 122.61 22.61 110.88 133.93 
   181.09 223.35 42.26 200.36 242.41 
   240.41 294.97 54.55 265.84 323.89 
   294.67 366.11 71.44 330.48 399.56 
   343.27 421.89 78.61 381.22 462.28 
   397.69 492.44 94.74 444.62 539.70 
   454.73 555.61 100.88 503.84 612.91 
   494.02 608.90 114.88 551.51 669.58 
   591.87 722.36 130.48 654.02 791.07 
    595.23 733.12 137.89 664.97 806.03 
∑ 3693.0 4541.40 848.37 4107.8 4981.4 
Portfolio 
   
  4981.4*0.0563
=280.45 
  
4.5.6. Subadditivity 
The sub-additive expression of   ( |       ) can be derived by considering the 
estimated cost of   software development tasks of a software project, i.e., 
     , and the total cost of the project, i.e.,          . The software risk 
measure of the project,   (         |              ), is expressed as 
follows: 
   (         |              ) 
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                              +                             
   (         |              )    (  |       )      (  |       )  (4.10) 
Equation (4.10) is the sub-additive form of the software risk measure and shows that 
the   ( |       ) of a portfolio of software project decomposes into a sub-additive 
expression. The software risk measure is sub-additive because it is the expectation,     , 
of a set of random variables. The expectation of random variables of a distribution 
provides sub-additive results; whereas the single percentile estimates of the distribution 
are not always sub-additive [LA03]. 
The sub-additivity of the software risk measure model is shown by a bottom-up cost 
estimation scenario of a software project having two software development tasks. The 
software project manager estimated the cost of these tasks as  1 = 10 and      15 man-
months, respectively. Then the overall cost of the software project is the sum of the 
estimated costs of each task of the software project,          = 10 + 15 = 25 man-
months. The estimated cost of each task of the software project and the overall estimated 
cost of the software project are mapped to the expectations of gamma distributions, such 
that          = 10,          = 15 and        =        +        = 10+15 = 25. The 
shaping parameters,      , of each gamma distribution are then estimated:          , 
             and            .  
Therefore, from equation (4.10), the software risk measure,   ( |       ), is sub-additive 
if and only if the following expression holds: 
  ( |      )    (  |       )    (  |       )         (4.11) 
The values of   ( |       ) for each gamma distributed cost,          ,             and 
           , for different values of                                and fixed values of 
      , and   = 10%, such that            =  [0.55, 0.65, 0.75, 0.85, 0.89], are estimated.  
Table 4.6 shows that for         , the risk for task 1 and task 2 is measured to be 
    (  |             ) = 11.22 and     (  |             ) = 18.48 man-months, respectively. 
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Therefore, the sum of the risk is     (  |             )      (  |             ) = 29.70 man-
months. The risk of the software project, however, is     ( |               )   
    (       |                  )     25.41 man-months. Similarly, the risk measure of 
the software project is less than the combined risk of both the tasks of the software 
project for different levels of risk tolerances. These results illustrate that   ( |      )  
  (  |       ) +   (  |       ) and prove that the software risk measure model, 
  ( |       ), generates sub-additive measures of risk. Table 4.7 illustrates that the 
contingency estimates based on   ( |      ) are also subadditive, such that: 
  ( |      )         (  |       )          (  |       )                   (4.12) 
Table 4.6:   ( |       ) for Bottom-up software cost estimates 
   ( |       ) 
                  
0.65 0.55 11.22 18.48 29.70 25.41 
0.75 0.65 13.19 21.87 35.06 30.85 
0.85 0.75 16.34 26.27 42.61 38.12 
0.95 0.85 21.41 33.73 55.14 50.14 
0.99 0.89 25.51 39.72 65.23 59.89 
 
Table 4.7: Contingency for Bottom-up software cost estimates 
   ( |       )       
                  
0.65 0.55 1.22 3.48 4.70 0.41 
0.75 0.65 3.19 6.87 10.06 5.85 
0.85 0.75 6.34 11.27 17.61 13.12 
0.95 0.85 11.41 18.73 30.14 25.14 
0.99 0.89 15.51 24.72 40.23 34.89 
4.5.7. Value added Quality 
The Value added quality of the contingency estimations based on the software risk 
measure model integrates the software cost estimation and risk assessment models and 
yet remains independent of a specific software cost estimation and risk assessment 
model. The existing contingency estimation models for software projects are either not 
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coupled with the overall software cost estimation and risk assessments, or they are 
dependent on specific software cost estimation and risk assessment models. The 
contingency estimation based on the software risk measure model provides a flexible 
solution that integrates all the important elements affecting the estimated cost of a 
software project. The proposed contingency estimation model is scalable to a portfolio of 
software projects. 
4.6. Validation of Software Risk Measure 
The aim of this validation is to understand the response of the software risk measure 
model with the real data of software projects; the proposed model should produce 
results which are comparable with the real software development experiences. The 
software risk measure model should produce measures of risk for software projects 
which are comparable with the actual risk experienced during the development of real 
software projects. 
The software risk measure model is applied to real software projects data, which is 
obtained from the study by Lum et al. [LU02]. The projects were completed in the Jet 
Propulsion Laboratory (JPL) for flight and ground software of unmanned space flight 
missions. Projects 1 to 10 are the flight software projects while projects 11 to 19 are the 
ground software projects. Lum et al. [LU02] collected the data from 19 software projects 
in an effort to understand the difference between the estimated and actual costs of 
software projects using COCOMO-II [BO00]. The estimated costs are mapped to the 
expectations of the gamma distributions used in the cost modeling.  
Fairley [FA95] reported that software development organizations allocate project 
resources based on 70% probability of the estimated cost and assume that an additional 
20% of the estimated cost can be managed through contingency resources. Therefore, the 
software risk measure is estimated for a risk tolerance of 75% of the estimated cost, i.e., 
   0.75, to manage 10% of the worst-case risk events, i.e.,        0.1 = 0.65. The 
minimum cost probability is set to    0.25. Table 4.8 shows the actual and estimated 
costs, in man-months, of the software projects, in addition to the software risk measure.  
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Table 4.8: Test data with estimated Risk Measures and Contingencies 
P
ro
je
ct
  N
o
. 
Actual 
Costs 
Estimated 
Costs 
(COCOMO-II) 
Risk 
Measure 
Additional= 
Actual -
Estimated 
Additional - 
Contingency 
Contingency 
1 446.34 276.06 337.44 170.28 108.9 61.38 
2 860.64 317.71 388.35 542.93 472.29 70.64 
3 592.28 857.31 1047.9 -265.03 -455.62 190.59 
4 592.28 499.21 610.02 93.07 -17.92 110.99 
5 234.7 258.61 316.11 -23.91 -81.41 57.5 
6 230.48 66.74 81.57 163.74 148.91 14.83 
7 127.1 101.26 123.77 25.84 3.33 22.51 
8 285.6 141.38 172.81 144.22 112.79 31.43 
9 72 41.59 50.83 30.41 21.17 9.24 
10 314 233.53 285.45 80.47 28.55 51.92 
11 681.48 1542.33 1885.3 -860.85 -1203.82 342.97 
12 455.22 1360.09 1662.5 -904.87 -1207.28 302.41 
13 495.5 1061.01 1296.9 -565.51 -801.4 235.89 
14 631 544.05 665.01 86.95 -34.01 120.96 
15 433 304.57 372.29 128.43 60.71 67.72 
16 499 477.58 583.76 21.42 -84.76 106.18 
16 128 55.05 67.29 72.95 60.71 12.24 
18 58 25.1 30.68 32.9 27.32 5.58 
19 130 48.16 58.86 81.84 71.14 10.7 
The estimated cost of project 1, which has an actual cost of 446.34 man-months, is 
276.06 man-months. This estimated cost is then mapped to the expectation of the gamma 
distribution, i.e.  =276.06             , and the risk measure using equation (4.3) is 
estimated as 337.44 man-months. The additional cost, which is needed in-addition to the 
estimated cost, is thus 446.34 – 276.06 = 170.28 man-months, which is 446.34 – 337.44 = 
108.9 man-months more than the estimated risk. This deviation of 108.9 man-months 
from the estimated risk is considered as a challenged cost compared to the expected cost 
of 276.06 man-months. On the other hand, project 4 has an estimated risk of 610.02 man-
months and an actual cost of 592.28 man-months, which is within the estimated risk, i.e., 
592.28 – 610.02 = – 17.92 man-months. Software project 6 has an estimated risk of 81.57 
man-months, and an actual cost of 230.48 man-months, which is higher than the 
estimated risk, i.e. 230.48 – 81.57 = 148.91, this deviation of the actual cost from the 
estimated risk is due to extreme-case risk events. Contrarily, project 11 has an estimated 
cost of 1542.33 man-months and risk measure of 1885.3 man-months. However, the 
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actual cost of the software projects is 681.48 man-months. This is another example of 
extreme deviation between the cost and the measured risk, which can be explained as 
the anticipated extreme-case risk events did not occur during the development of the 
software project. 
These results reveals that projects 2, 3, 6, 11, 12, 13, 17, 18 and 19 exhibited unbounded 
actual costs compared to the estimated risk or vice versa. Projects 4, 5, 7, 14 and 16, 
however, experienced worst-case risk events because actual costs almost remained 
within the measured risk. Projects 1, 8, 9, 10 and 15 experienced additional costs that 
caused the actual cost to deviate from the software risk measure; however, these 
deviations are not to reach extreme values compared to the estimated costs. 
Therefore, 9 out of the 19 software projects showed extreme costs deviations, whereas 5 
projects experienced additional costs that classified the project as experiencing worst-
case risk events, and the remaining 5 projects showed additional costs that are higher 
than the impact from worst-case events but are not extreme costs. These results are in 
agreement with real software development experience, in which approximately 40% of 
software projects experience runaway costs, approximately 29% of the software projects 
are completed on time and within budget, and the rest of the projects are considered 
challenged projects [LA05]. 
4.7. Summary 
Software risk measure assigns cost values to categories of risk events. The proposed 
software risk measure model focuses on the worst-case risk events category of software 
projects, which are events that can be managed by allocating contingency resources. The 
definition of the software risk measure model leads to establish the requirements, based 
on the analogies of a financial risk measure model, for the development of a software 
risk measure model. The risk measure captures the scope of the risk and cost of the 
software project in a single value, given the risk tolerance of the software organization. 
The software risk measure model is a step forward in contingency estimation modeling 
for software projects as it operates on the estimated cost of the software project, 
integrated with the impact of risk events with the flexibility such that any cost estimation 
and risk assessment model can be integrated so as to use software risk measure model 
for contingency estimation. Furthermore, the software risk measure model is scalable to 
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a portfolio of software projects, as contingency resources are best utilized when defined 
over a portfolio of software projects. 
A contingency estimation model for software projects that relies on the software risk 
measure model is proposed. The contingency resources are limited resources and cannot 
handle all categories of risk events; hence, it is important to understand what risk events 
can be handled with the appropriate allocation of contingency resources. The proposed 
contingency estimation model relies on measuring the impact of specific categories of 
risk events using the software risk measure model and provides contingency resource 
estimates to combat specific categories of risk events. With regards to risk events that 
cannot be handled with contingency resources, it is suggested that the software project 
management plan should discuss solutions to combat such risk events. The proposed 
software risk measure and contingency estimation models make no assumptions about 
the probabilistic nature of the cost and risk of software projects. Therefore, the model is 
flexible and can be deployed with any cost estimation and risk assessment models of 
software projects.  
Project management plans for software projects should include provisions to combat 
and manage risk events that are beyond the risk tolerance of organizations and cannot be 
handled with contingency resources. Organizational focus is an important aspect of 
contingency estimations; therefore, the proposed contingency estimation model is 
scalable to a portfolio of software projects. Furthermore, the contingency estimation 
model generates subadditive estimates, which is essential for optimizing resources of 
software projects or managing a portfolio of software projects. 
The accuracy of the estimated contingency is dependent on the accuracy of cost 
estimation and risk assessment models. Therefore, to have reliable contingency 
estimates, it is important that the cost and risk modeling should produce reliable cost 
and risk estimates. 
Therefore, this chapter has fulfilled the 5th, 6th and the 9th objectives of the research. 
The next chapter will present dynamic risk modeling for software development projects. 
Dynamic modeling is a simulation that captures the variations in strategic parameters at 
and during different stages of the planning of software development projects. 
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Software development projects are dynamic endeavors; therefore, the simulation of 
the strategic management process of software projects should adopt tools to understand 
the dynamic changes that take place in strategic parameters of software projects. 
Dynamic modeling is a simulation technique that captures the dynamic variations in the 
nature and behavior of strategic parameters for different phases of software projects. 
Dynamic risk modeling suggests the risk management and risk assessment activities in 
dynamic settings. The proposed simulation model for the strategic management of 
software projects further expands the dynamic modeling to include other parameters of 
software projects beside risk. This chapter presents dynamic risk modeling for the 
development of software projects. Risk in software projects are events that continuously 
evolve, and changes occur in their impacts and probabilities throughout the 
development lifecycle of software projects. Therefore, for the success of software 
projects, it is essential to understand and model the dynamic changes of risk events that 
may occur during the execution of the software project.  
Software project managers are looking for better management and decision making 
models to help them understand and manage the impact of risk events in the 
dynamically changing environment of software projects. Dynamic risk modeling is a 
valuable tool for dealing with the shortcomings of the static model for the development 
of software projects. Modeling the dynamic changes in the impact and the probability of 
risk events is the natural next step in risk management of software projects [BN08]. 
Adding a dynamic component to the risk management and risk assessment of software 
projects provide new insights into how to manage, monitor and control risks of software 
projects. 
The simulation of the dynamic behavior of risk allows for the modeling of dynamic 
changes in risk events which may take place during the execution of the project under a 
specific strategic management option. Therefore, dynamic risk modeling is an effective 
 Chapter -5 Dynamic Risk Modeling 133 
 
tool for understanding the behavior of risk under different strategic management 
scenarios for the development of a software project, which is helpful in designing 
effective strategic decisions. 
Dynamic changes in the probability and impact of risk events occur in a variety of 
different ways. Updates in project management plans and management decisions change 
the behavior of risk events, since different project management decisions brings out 
different sets of risk events [BN08] [BO88]. Additionally, the impact and probability of 
risk events change as the project completes different phases of development or with the 
introduction of new risk events in the software project. For example, a particular risk 
event may have a high probability and large impact at the beginning of a software 
project but decrease both in probability and impact towards the end of the project.  
Consider a simple scenario which explains the dynamic modelling of a project 
parameter (risk) and links it with a strategic decision. A software project manager 
expects a risk of software personnel shortage during a software project. The number of 
software personnel shortage could range from 0 to 10 with the most likely value of 5 
with high certainty; other values around 5 have normal distribution. This forms a 
Gaussian (normal) distribution with the number of personnel shortage event as random. 
Even though that the personnel shortage is a discrete event it is illustrated through the 
continuous probability distribution since changes in the number of personnel may not be 
happening exactly at the project phases. A person may be partially available for a 
specific project phase hence forming a continuous random variable. 
The project is split into 10 development phases according to percentage of completion 
of the software project and dynamic risk modelling simulates the impact of this risk 
event at these pre-defined phases. The software manager estimates that at every project 
phase there is a risk of 1 personnel shortage and a shortage of 7 or more personnel 
would be disastrous for the project at any phase. The business management takes a 
strategic decision to move software personnel from other projects and 1 person will be 
added to the project during each development phase. 
Through dynamic modelling of risk and corrective actions at each development phase 
the probability of event 7 (or more) gradually goes down and finally becomes negligible 
due to the strategic decision. As shown in the Figure 5.1, the area under the event 7 or in 
other words the probability of shortage of 7 personnel is high during the early 
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development phases of the software project. The strategy to add software personnel 
changes the probability of the risk event as the project moves through different 
completion phases. This scenario illustrates how dynamic modelling of parameters and 
strategic decisions are inter-related. Dynamic modelling can help software practitioners 
to understand the futuristic assessment of project parameters and how management 
decisions can alter the probabilistic assessment of these parameters. 
 
Figure 5.1: Dynamic risk modeling and strategic decision 
 The dynamic variations in the impacts and probabilities of risk events cause 
variations in different parameters of software projects, i.e., cost, budget, schedule and 
quality. Hence, the changes in the probabilistic nature of risk cause all the perceived 
assumptions and estimations of software projects to change accordingly. Modeling these 
dynamic variations help decision makers to define project management plans in order to 
combat risk events and understand how project development plans should be updated 
throughout the software project. 
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The proposed dynamic risk model for software projects presents a generic solution, 
which can be adopted with any risk management and risk assessment models of 
software projects. The model does not attempt to redefine the risk management and risk 
assessment for software development projects; it also does not depend on any specific 
risk management and risk assessment model. 
No two software projects are the same, especially when software development is a 
global industry where different software development teams are separated by 
geographical boundaries and each team uses its own set of tools. Therefore, generic 
models are highly desirable because they can be “glued together” with other models. 
Hence, it is necessary that simulation models should be built using generic components, 
which can be exchanged with other components as needed. 
5.1. Dynamic Software Risk Modeling (DSRM) 
Due to the fast-paced environment of the software industry, where many parameters 
of a project change due to market and technological changes, dynamic risk modeling 
should be used going forward. The use of dynamic risk modeling to understand these 
changes, through simulations, is a natural choice.  
Dynamic risk modelling helps software organizations to understand the effects of 
their decisions on risk and how risk management decisions should evolve over time. 
Adding a dynamic component to the risk management of software projects, aids in 
managing, monitoring and controlling the risk of software projects. A dynamic structure 
that defines the flow of risk management and risk assessment activities for different 
development phases and allows the dynamic adjustments in the risk management plan 
of the project is needed. 
Dynamic risk simulation for software development projects is called Dynamic 
Software Risk Modeling (DSRM) and it is the counterpart of DFA in the field of software 
engineering. DSRM integrates risk management and risk assessment in dynamic 
settings.  DSRM components are generic; therefore, they can be adopted by any set of 
tools for the management and assessment of risk of the software project. 
Dynamic risk modeling is characterized by the following attributes: 
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 Risk is random and represented with probabilistic notations, 
 Risk evolves over time, i.e. is stochastic, 
 Changes in risk occur at predefined phases of software projects, 
 Dynamic risk modeling has feedback capability. 
These characteristics of dynamic risk modeling match with the attributes of the DES 
modeling technique, which allows the implementation of feedback into the model. 
Therefore, DSRM model is build using the DES modeling technique. 
An important consideration for DSRM simulation models is the risk assessment of 
software projects. DSRM simulation model can depend on hard data or soft data of risk; 
hard data is based on empirical experience, while soft data of risk is collected based on 
expert opinion. Software engineering lacks the hard data, so for risk assessment, DSRM 
simulations depends on soft data for risk analysis. Furthermore, the availability of hard 
data cannot offset soft data as hard data is dependent on many parameters, i.e., the type 
of software project, the expertise of the software and management team, the company’s 
environment. It is difficult to standardize these parameters across the software industry. 
Therefore, building a DSRM simulation model requires: 
 A mathematical model for the risk assessment of software projects. 
 A descriptive model for the risk management of software projects. 
 An approach to integrate the risk assessment and risk management models. 
 Predefined phases of the software projects to simulate. 
 The ability to adapt to changes in the risk management plan based on new risk 
assessments during the simulation of different stages of software projects. 
 The feedback capability. 
5.1.1. DSRM model 
The goal of DSRM is to provide project management with a process for evaluating the 
risk of software projects through simulations in dynamic settings, a quantitative analysis 
of risk for different stages, and information about the effectiveness of the risk 
management decisions of software projects. Based on the DES modeling technique, 
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Figure 5.2 illustrates the dynamic software risk modeling for software projects which is 
represented with flowchart symbols [APPENDIX_E].  
 
At the start of the simulation, the first step is risk assessment followed by risk 
management planning. At predefined phases of the software project the feedback is 
obtained, and based on this feedback corrective actions are taken. The corrective actions 
ensure the proper implementation of the risk management plan, and these actions 
change the perceived assessment of risk; therefore, risk assessment is repeated, and the 
risk management plan is updated accordingly for the next phase of the software project. 
This creates a dynamic structure for the modeling of risk, which continues throughout 
the development of the software project.  
DSRM is a collection of generic risk management and generic risk assessment 
processes that interact together at predefined phases of the software project. The DSRM 
uses generic models of risk management and risk assessment. Hence, any set of risk 
management and risk assessment models that allow the continuous assessment and 
management of risk are suitable for the dynamic modeling of software risk. Therefore, 
sequential risk management and risk assessment models, i.e., Boehm’s [BO81] and PMI’s 
risk management models [PM04], cannot be adopted for the dynamic modeling of risk. 
The feedback is defined as the qualitative and quantitative information which helps in 
decision making to take corrective actions for the next phase of the software project. 
Feedback reveals the effectiveness of the software risk management plan, and through 
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Figure 5.2: Dynamic Risk Modeling 
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corrective management actions, it ensures that the software risk management plan is 
effectively implemented. 
The proposed DSRM model gives software project managers the ability to make 
informed decisions to simulate the impact of future risk on the software project and the 
changing of the risk during different phases of the software project. The DSRM 
integrates software project risk management and risk assessment for the simulation of 
the risk in order to analyze, manage and control the impact of identified risk events, 
along with the options for mitigating the impact in dynamic settings.  
The integration of software risk management and assessment into the DSRM 
simulation provides links between the risk and the effectiveness of risk management 
decisions to manage and control the risk of software development projects. Therefore, 
the DSRM plays a unique role in software risk management by integrating risk with risk 
management and linking it with the decision-making process. The DSRM is not a 
replacement for risk management; rather, it adds a dynamic component to it by enabling 
a view of the risk assessment over pre-defined periods of time. 
DSRM can be effectively deployed to simulate different software risk management 
plans and to observe the behavior of risk under different strategic management plans. 
Simulating the risk under different sets of strategic management plans can help to select 
the best management plan for the development of software projects. 
DSRM plays a critical role when an organization is faced with multiple strategic 
management alternatives and needs to decide which management plan to pursue. 
Without understanding the risk associated with different strategic management plans, 
project managers may pursue uneconomical strategic plans. The DSRM assesses the risk 
and illustrates the relationship of risk with different strategic management plans. Hence, 
it maps quantified risk with the strategic decisions to identify the best risk management 
plan. Therefore, DSRM suggests how risk management should be translated into 
business decisions and how these decisions should evolve throughout the project 
lifecycle. 
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5.1.2. A Software Development Scenario using DSRM 
Lets assume a software development scenario: the software project manager uses the 
risk assessment model discussed in section 3.3. The software project manager performs 
the risk identification and identifies the risk of shortage of software personnel, which is 
identified through the staff attribute of the program constraints SEI risk class. To control 
this risk event, the software project manager develops a risk management plan, which 
requires the adding of software personnel as needed, based on the feedback at different 
development phases of the software project. 
The software project manager defines four software development phases, represented 
as Ph1, Ph2, Ph3 and Ph4, and identifies risks and assigns impact values for the first 
phase of the software project, as shown in Table 5.1, shown as percentages. The events 
that are not identified as risk are not assigned any values.  
The simulation of the above scenario generates the risk impact of SEI risk classes, 
along with the overall impact of risk. Assume that the software project manager sets the 
probability of impact at 90%. The risk impact of SEI risk classes, i.e., product engineering 
(    ), development environment (    ) and program constraints (    ), at 90% probability 
are estimated as follows:            ,            ,              and the overall 
impact using equation (3.17) is estimated as                         
                 .  
Figure 5.3 shows the cumulative probability distributions of the risk impacts of the 
product Engineering (    ), development environment (    ) and program constraints (    ) 
classes. Note that the probabilities are over the 90% probabilistic confidence; this is 
because the fact that risk assessment model generates random discrete samples of the 
risk impact from the Beta distribution.  
The software project manager devises corrective actions and adjusts the number of 
software personnel based on the feedback and performs the risk assessment for the next 
phase of the software project. For simplicity, assume that the staff attribute of the program 
constraints SEI risk class is the only risk event that has varying risk impact, as shown in 
Table 5.1. The simulation of the next phase of the software project produces following 
values of the impacts:            ,            ,             and the overall 
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impact is                                          , using equation 
(3.17).  
The process continues for the third and the fourth phases of the software projects 
producing the following risk impact values: 
Phase 3:            ,            ,            ,              
                            . 
Phase 4:            ,            ,            ,              
                            . 
The risk impact of the program constraints SEI risk class varies, since the staff risk is an 
attribute of the program constraints class, through all the phases of the software project 
and causes the overall impact of risk to change accordingly. This scenario explains how 
the simulations of DSRM bring out the impact of risk events for the different phases of 
software projects. Having critical insight about the dynamic behaviour of risk events 
during different stages of the development of the software project provides vital 
information that proves to be vital for the project and strategic planning.  
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Figure 5.3: Cumulative Probabilities of the Dynamic Risk Scenario (Phase 1, 2) 
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Figure 5.4: Cumulative Probabilities of the Dynamic Risk Scenario (Phase 3, 4) 
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Table 5.1: Risk Assessment for the software project (percentage) 
Category Type Field Ph1 Ph2 Ph3 Ph4 
Product 
Engineering 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Requirements Stability 10 10 10 10 
Completeness 8 8 8 8 
Clarity 12 12 12 12 
Validity 15 15 15 15 
Feasibility 4 4 4 4 
Precedent 6 6 6 6 
Scale 8 8 8 8 
Design Functionality 15 15 15 15 
Difficulty 10 10 10 10 
Interfaces 8 8 8 8 
Performance 8 8 8 8 
Testability 5 5 5 5 
Hardware Constraints 5 5 5 5 
Non-Development Software 10 10 10 10 
Code/Unit Test 
  
  
Feasibility 20 20 20 20 
Testing 5 5 5 5 
Coding / Implementation 30 30 30 30 
Integration/Test Environment 5 5 5 5 
Product 15 15 15 15 
System 10 10 10 10 
Engineering 
Specialties 
Maintainability         
Reliability         
Safety 5 5 5 5 
Security 8 8 8 8 
Human Parameters         
Specifications         
Development 
Environment 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
  
Development 
Process 
Formality 20 20 20 20 
Suitability 10 10 10 10 
Familiarity 15 15 15 15 
Product Control 30 30 30 30 
Development 
System 
Capacity 15 15 15 15 
Suitability 12 12 12 12 
Familiarity 18 18 18 18 
Reliability 12 12 12 12 
System Support 15 15 15 15 
Deliverability 12 12 12 12 
Management 
Process 
Planning 15 15 15 15 
Project Organization 5 5 5 5 
Management Exp 10 10 10 10 
Program Interfaces         
Management 
Methods 
Monitoring         
 Personnel Management 10 10 10 10 
Quality Assurance 10 10 10 10 
Configuration Management 10 10 10 10 
Work Environment Quality Attitude 5 5 5 5 
Cooperation 8 8 8 8 
Communication         
Morale 20 20 20 20 
Program Resources Schedule 10 10 10 10 
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Constraints 
  
  
  
  
  
  
  
  
  
  
  
  
  
Staff 60 40 30 10 
Budget 25 25 25 25 
Facilities 10 10 10 10 
Contract Type of Contract         
Restrictions 15 15 15 15 
Dependencies 5 5 5 5 
Program Interface Customer 10 10 10 10 
Associate Contractors         
Subcontractors         
Prime Contractor         
Corporate Management 12 12 12 12 
Vendors         
Politics 10 10 10 10 
5.2. Summary 
This chapter has presented a simulation model for the dynamic modeling of risk for 
software projects. The dynamic simulation of risk brings out the future assessment of 
risk, which helps to define strategic management plans for the development of software 
projects and supports project management policies to control and manage risk. 
Based on the dynamic modeling of risk from the financial industry, a model for the 
dynamic software risk modeling (DSRM) is presented. DSRM are simulation models for 
the assessment of risk in dynamic settings to support the strategic decision making in the 
midst of multiple strategic options. Therefore, DSRM plays a fundamental role in 
comparing different sets of decisions for the strategic management of software projects 
and to choose among them the best set of strategic decisions for the project.  
DSRM model is not a replacement for the risk management and assessment model; 
rather, it commands dynamic settings for risk management and assessment. DSRM is a 
generic model that is flexible and can be adopted along with any risk management and 
assessment model, provided those models have the capability of adopting dynamic 
adjustments. Thus this chapter has fulfilled the 2nd aim of the research work. 
The next chapter will discuss the simulation model for the strategic management 
process of software projects. The simulation model for strategic management utilizes the 
dynamic modeling of risk that changes the cost, risk measure and contingency estimates 
for different phases of software projects, which provides critical information about 
different strategic management plans for the development of a software project.   
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Chapter -6  Strategic Management 
Process Model 
  
  
Simulation and modeling are an integral part of ongoing research in different fields of 
science and engineering, and software engineering is no exception. Building simulation 
models enhances our understanding of the process or activity being modeled. 
Researchers have proposed various models for the development and management 
processes of software projects. Modeling software development and management 
processes provides critical information about performance and suggests ways to further 
improve these processes. The models for software development and management 
processes simulate different activities within the development of these processes for 
software projects. Modeling and simulation through different techniques is gaining 
interest among academics and practitioners as a method to model the complexities of the 
development and management processes of software projects.  
Traditional modeling of software development processes relied on different modeling 
techniques and proposed improvements in the processes under study. Although these 
models provided rich insight into the processes they attempt to model, their focus 
remained research-centric rather than industry-centric, and software practitioners 
viewed these models with much skepticism. Traditional process simulation models for 
software projects consist of many components that are interconnected in a complex 
fashion and the rules which govern their interconnectivity are not visible to the end-
users. Hence, construction of these models remains a challenge for academics and 
practitioners. These limitations have hampered the adaptation of traditional process 
models for further research and development. 
Software organizations are seeking process models that can be easily adopted with 
their existing project management practices and into their existing project development 
environment. Therefore, process models should be flexible, so that organizations can 
choose the appropriate tools for the modeling and simulation of software processes. 
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Therefore, one would need extensive details about the construction of these models in 
order to facilitate the adaptation of these models into the academic and practitioner 
communities.  
This provides a motivation to seek out a generic build with generic components and 
well-defined interfaces. Additionally, the ever changing software development 
environment needs development and management processes of a dynamic nature, 
which motivated this research to venture into the domain of dynamic modeling. 
This chapter presents a simulation model for the strategic management of software 
projects, which addresses and overcomes the issues identified within the traditional 
process models of software projects. The proposed strategic management process 
simulation model consists of generic components and relies on dynamic software risk 
modeling. The simulation model defines cost and risk as the parameters of strategic 
importance. The model estimates software risk measure and contingency estimates, from 
the estimated cost integrated with risk, in an effort to choose the best strategic 
management decisions for the development of a software project among different 
strategic alternatives. 
The proposed strategic management process simulation model is a complete 
framework which connects strategic decisions with strategic parameters that are mapped 
to a project management plans. Thus, different strategic options produce different 
management plans. 
Simulation models are vital for the strategic management of software projects. 
Through simulations, software project managers model the strategic management plan 
with a key interest in optimizing the strategic decisions. The proposed simulation model 
focuses on the implications of strategic decisions on the risk and the estimated cost of 
software projects, and it illustrates how dynamic variations within the project’s risk 
affect the cost as the software project moves through different phases to completion. The 
proposed simulation model maps strategic management decisions with risk where 
different strategic decisions have different sets of risks. Hence, the model assists 
software project managers in understanding the cost and risk tradeoffs among different 
strategic management alternatives in dynamic settings. Capturing the dynamic 
variations in the risk and its effects on the estimated cost under different strategic 
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management decisions helps to select the best management decisions for the 
development of software projects. 
The simulation model for the strategic management of software projects is based on 
the Discrete Event Simulation modeling technique. It is generic, consisting of generic 
components, which have well-defined interfaces. Based on the proposed model for the 
strategic management of software projects, a simulation application is developed using the 
MATLAB© simulation language. The simulation application is capable of exploring three 
strategic management plans for the development of a software project. 
6.1. Simulation Model for Software Strategic Management  
6.1.1. Development Plan for the Simulation Model 
The development plan outlines different components of the simulation model for the 
strategic management model of software projects. The development plan, shown in 
Figure 6.1, represents the different stages of the simulation and illustrates how they are 
connected, which will facilitate the implementation of the simulation model. 
Strategic management planning is a function of the business manager, while the 
project management and the risk management planning are functions of the project 
manager. The business manager focuses on the business aspect of the development of 
software projects, and the project manager focuses on the technical aspect of the project 
in order to effectively use resources. Therefore, to transform the strategic management 
plan into effective project management plans is only possible when the business 
managers and project managers work together; where the business manager envisions 
strategic management plans for the development of a software project which are in line 
with the company’s vision, the project manager translates these strategic management 
plans into project management decisions. 
The development plan for the simulation model of strategic management of software 
projects defines the flow and the interconnectivity of different components of the model. 
This section discusses the construction of the simulation model, which uses the outline 
defined in the development plan. The strategy development, which produces a set of 
strategic decisions, represents the set of activities to define these decisions for the 
development of software projects. This activity is conducted at the business management 
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level. The software project managers take over strategic decisions and develop project 
management plans for each strategic option using the simulations. 
 
The proposed simulation model is generic because it has generic components, which 
are independent and have well-defined interfaces. The proposed simulation model only 
defines the types of the components and how they are interconnected but does not 
attempt to define specifics of components. This provides a flexible solution to 
organizations so that different models for software management and development can 
be used for the simulation of the strategic management process of software projects.  
6.1.2. The Strategic Management Simulation Model 
The proposed simulation model is based on the DES modeling technique and shown 
in Figure 6.2. The DES modeling technique helps to define the feedback at pre-defined 
discrete steps during the simulation. In-addition, DES allows the representation of the 
simulation parameters to be represented as random and stochastic.  
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Figure 6.1: Development Plan for the Simulation Model 
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Figure 6.2: Simulation Model for Strategic Management Process of Software Projects 
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The simulation model represents the estimated cost, risk and cost integrated with risk 
as random and stochastic, which are observed with discrete time steps during the 
simulation. The model is represented with flowchart symbols; these symbols are 
explained in [APPENDIX_E]. The proposed strategic management process simulation 
model integrates different estimation and assessment models for software development 
projects in dynamic settings where each model is represented by a process within the 
simulation model. Further the simulation model defines the inter-connection between 
different processes. The software models represented in the simualtion model are risk 
management and risk assessment, cost estimation, software risk measure, software 
contingency estimation, project management and strategy development models. The 
simulation model represents all the software models in generic terms and do not attempt 
to define specific models. Each software model produces a qualitative or quantitative 
data; for example, the strategy development and project management models produce 
strategic management and project management plans, respectively, which is qualitative 
data, whereas, the cost estimation, risk assessment, risk measure and contingency 
estimation models produces quantitative estimates. 
The model defines the following generic processes: strategy development, project 
management, risk management, cost estimation, software risk measure and contingency 
estimation. The strategy development component is responsible for strategic management 
planning and produces the strategic management plan. This simulation activity takes 
place at the business management level. The project strategic management plan is a set 
of strategic options that are can be considered for the development of the project. Each 
strategic option brings in a unique set of risks and requires different levels of cost 
commitment and contingency resources. The project management component is 
responsible for the overall planning of the development of the software project. The 
project management transforms the quantified parameters (cost, risk measure, 
contingency) into the budget and the schedule of the project. The simulation of project 
management planning occurs at the project management level. Therefore, the simulation 
of strategy development and project management requires human interactions where the 
business and project managers deploy appropriate planning tools. Similarly, the risk 
management planning component needs human involvement and the project manager 
prepares a risk management plan for the software project under different strategic 
options. Risk assessment and cost estimation are part-human, part-computerized models; 
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Risk assessment requires project managers to perform the risk identification and perform 
the risk analysis which establishes impacts and probabilities of risk events. The 
computerized model simulates these assessments and estimates the random overall risk 
of the software project. The simulation of cost estimation requires project managers to 
select different parameters of the cost estimation models, which may be kilo-lines-of-
code  (KLOC), function point estimates and levels of difficulty and expertise for 
example. Software risk measure and contingency estimations are completely computerized 
models and rely on the probabilistic representation of cost. 
The proposed strategic management model relies on the dynamic modeling of project 
parameters; these parameters are cost, risk measure and contingency estimates. Dynamic 
modeling allows the representation of these project parameters at different development 
phases. The dynamic changes in the cost and risk cause changes in the risk measure and 
contingency estimates for every phase of the project. Thus the risk management plan is 
updated based on the captured dynamic changes. These dynamic changes are reflected 
in the project management planning and cause different budget and schedules for each 
phase of the project.  
Strategy development generates a set of strategic decisions for software projects where 
each strategic option requires a cost estimation and risk assessment. The risk management 
and cost estimation generates different estimates of costs and risk for each strategic 
decision. These risk and cost estimates are integrated for each development phase of the 
software project. The software risk measure model uses the cost, integrated with the risk, 
to measure the risk inherited in this phase of the software project due to the strategy 
used. The Contingency Estimation produces the estimate of contingency resources based 
on the software risk measure for this phase of the software project. At the end of the 
simulation of each phase, the software manager, based on the feedback, devises 
corrective actions for the next phase of the software project, which triggers a re-
assessment of risk and requires a new cost estimation cycle for the next phase of the 
software project. The re-assessment of risk updates the risk management plan. Than the 
software risk measure and contingency are estimated for the next phase of the project. 
This process is repeated for all phases of the software project.  
Monte Carlo simulations of the proposed model produces quantified strategic 
parameters in probabilistic notations. These simulations bring out the relationship 
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between strategies and project management plans and presents how cost and risk vary 
during different phases of the development. 
At the start of the simulation of the first strategic option, the project manager 
performs risk assessment, identifies and assigns risk impacts, and develops a risk 
management plan for the first phase of the project. Additionally, the manager selects 
parameters for a cost estimation model. The computerized part of the simulation 
generates the overall risk impact,          , the random estimated cost,          , the 
risk measure,           , and the contingency estimate,  𝑜                      
              for the first phase of the software project using the first strategy, i.e.,     
and    , respectively. 
 For the simulation of the next phase of the project, the project manager analyzes the 
feedback from the previous phase, devises corrective actions and performs risk 
assessment which updates the risk management plan for the next phase of the project. 
Additionally, a new set of risk impacts and cost estimation parameters are selected, and 
the simulation continues into the next phase of development which produces the 
random impact of risk          , the random estimated cost,          , the risk measure, 
          , and the contingency estimate,  𝑜                                    for 
the first phase of the software project, i.e.,     and    , respectively, using the first 
strategy. 
The simulation process is repeated for all the development phases representing the 
complete lifecycle of the software project. At the end of the simulation of the first 
strategy, the project manager creates project management plans. The project 
management planning uses quantitative parameters generated from the simulations of 
all the phases of the software project. The project management planning requires that the 
available resources and their costs are modeled with the amount of work and 
contingency estimates in man-months obtained from the simulation for each phase of the 
software project under this strategy. The project management planning reveals the 
budget and the schedule of each phase of the software project, in-addition, it produces 
the overall budget and the overall schedule of the software project. The simulation 
continues, and the process is repeated for all the strategies for the development of the 
software project. 
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The simulation model presents results for all the phases of the software project under 
each strategic decision. Additionally, risk measures, contingency estimation and 
expected costs are presented for project management planning. The simulation of 
strategic parameters produces the actual effort needed to complete the work of a 
software development phase. The project management planning than transforms the 
estimated effort into the schedule and budget of the project. In project management 
planning, this effort can be modeled using the spiral or rapid development models, which 
define how the development work will proceed through different phases and how the 
iteration of phases, if any, will take place. The project management planning generates 
the budget and the schedule of each phase of the project together with the overall 
schedule and the budget of the project. 
The proposed simulation model brings out the relationship between project 
management strategies and the risk within those strategies, integrated with the cost. 
Hence, the model maps the quantified risk and cost onto the qualitative decisions of 
strategic management and presents the variance of those costs and risks due to 
corrective actions during different phases of the software project. The proposed 
simulation model plays a critical role when software project managers are faced with 
multiple project management strategies and need to decide which management strategy 
to pursue for the development of the software project. Without understanding the cost 
and risks associated with different project management strategies, the software project 
managers may pursue project development strategies that may not produce effective 
and efficient project results. 
6.2. Construction of the Simulation Model 
The proposed generic simulation model is an integration of generic management 
(project management, risk management) and estimation models (cost estimation, risk 
assessment, risk measure, contingency estimation) for the development of software 
projects. The benefit of the generic model having generic components is that any set of 
models can be selected and combined to construct the simulation model. This section 
explores specific management and estimation models that are used to construct the 
simulation application. 
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The CMMI and SEI risk management models (discussed in section 2.1.4) are a set of 
guidelines that are not restricted to any specific phase of software projects. Hence, they 
can be easily adopted for the development of dynamic projects, which requires repeating 
the risk management process during different phases of the development. For example, 
the identify and analyze activities of the SEI model can be modeled in the risk assessment 
component of the simulation model, while the plan and track step can be a part of risk 
management,  The control activity of the SEI risk management model can be conducted 
through the corrective actions block of the simulation model. Similarly, actives 1A, 1B, 2A 
and 2B of CMMI risk management guidelines can be mapped to the risk assessment block 
while activities 1C and 3A can be conducted at the risk management planning block, while 
activity 3A can be mapped with the corrective actions block. As the proposed simulation 
model does not specify or recommend any risk management model, software managers 
can select any open or proprietary risk management model for the simulation of strategic 
management process if it is capable of dynamic modeling. For the construction of a 
prototype of the simulation model, the CMMI guidelines for the risk management are 
adopted. 
The waterfall software development model (Section 2.1.2.1) cannot be used for 
dynamic projects [CO09], as each project phase freezes and cannot be repeated after 
transitioning to the next phase of the project. On the other hand the spiral and rapid 
development models allow visiting the previous phases of the development and do not 
define how many times a phase can be repeated. The simulation model does not attempt 
to define project phases, and it is left to the software manager to decide at which phases 
the behavior of strategic parameters should be observed. For the construction of the 
simulation model, four development phases of software projects are defined, i.e. 
           , the design, develop, test and integration phases. Additionally, the model 
assumes the spiral (Iterative and Incremental) development process for software projects. 
For cost estimation of software projects, the post architecture model of COCOMO-II is 
adopted, and using Monte Carlo simulation, it produces the random estimates of cost, 
     . For risk measurement, the software risk measure model, equation (4.4), is used, 
while the contingency estimations are performed using the model defined in equation 
(4.5). For risk assessment, the prototype simulation model uses the risk assessment 
model discussed in section 3.3. 
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The integrated assessment of cost and risk is performed using equation (3.6). 
Therefore, the integrated cost,        , for the  th phase and the  th strategy is as follows: 
                                                 (6.1) 
The risk measure model operates on the estimated cost      , and generates the risk 
measure   (  |         ) , while the contingency estimates takes the following form: 
Software Contingency=   (  |         )             (6.2) 
A simulation application is constructed using the MATLAB© modeling language 
[APPENDIX_D], which implements the strategic management simulation model. The 
simulation application loads the cost estimation and risk assessment values from an 
external Microsoft© excel sheet and performs the cost estimation and risk assessment, 
along with the risk measure and contingency estimations. The simulation application for 
the strategic management of software projects is capable of evaluating three strategic 
management plans for the development of a software project.  
To run the simulation application, the software manager assigns values, based on the 
strategic management plan, to COCOMO-II parameters  ,   , and   for calculating the 
value of   . Additionally, the values of cost drivers are assigned to calculate    . The 
software manager performs risk identification, assigns risk impact and develops a risk 
management plan based on the strategic decision. Furthermore, the software manager 
selects the values of  ,   and   for the risk measure. These values are assigned for the 
first phase of the software project in the external excel sheet. The simulation application is 
launched, and it performs the computerized part of the simulation. At the end of the 
simulation, the software manager analyzes the feedback and devises corrective actions 
for the next phase of the software project, updating the risk management plan. 
Additionally, the values of risk impacts and cost parameters are updated, based on the 
feedback, for the next phase. The simulation is repeated for all the software development 
phases and for all the strategic management plans. After the simulation of each strategic 
management plan, the software manager develops the project management plan based 
on the results obtained through the simulation. 
The simulation application generates histograms of the estimated cost integrated with 
the impact of risk events for different phases of the software project, together with the 
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total aggregated cost for strategic management plans. Additionally, the application 
brings out the software risk measure and the contingency estimations for different 
phases of the software project, which are presented on a single sheet for different 
strategic management plans. Thus, it allows the comparison of different software 
development strategies based on their cost, risk, software risk measure and contingency 
resources needed during different phases of the development of the software project. 
The selection of the best strategic management plan depends on different parameters. 
It may not be the one that produces the lowest cost, risk measure or contingency; 
therefore, the business manager and the software project manager examine the tradeoffs 
among different strategic decisions in order to choose the strategic options that are best 
for the development of the software project. Therefore, the simulation application helps 
organizations to manage their resources in the best way possible, while controlling the 
software project cost and risk. Section 6.4 discusses a case study conducted using the 
simulation application for a software development project having multiple strategic 
development options. 
6.3. Validation of the simulation application 
Due to the limitation of scarce official data from organizations, a less rigorous 
approach is taken for the model validation [SA04]. To validate the strategic management 
application, sensitivity and fidelity tests are developed and conducted, which conclude 
that the strategic management application produces consistent output and fulfills the 
requirements of sensitivity and fidelity tests. The detailed description and procedures of 
sensitivity and fidelity tests are as follows. 
6.3.1. Sensitivity Test 
The sensitivity test verifies that the strategic management simulation application 
produces consistent output in the presence of the wide range of input. The sensitivity test 
is conducted in two stages; first, the expected overall risk impact is varied for the range 
of values between (0-1], while other parameters of the simulation model are kept 
constant, and the generated overall man-months are recorded.  
This test shows that the number of man-months increases linearly as the overall risk 
impact of software projects increases. In the second stage of the sensitivity test, the 
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expectation of the overall estimated size (KDOC) of the software project is varied 
between (0-100], and the produced expectations of the overall man-month requirements 
are recorded. The results show that the expectations of the overall man-month 
requirements linearly vary with the expectation of the size of the software project. Figure 
6.3 shows the results of these tests. 
 
6.3.2. Fidelity Test 
The fidelity test checks that the output of the strategic management application is 
consistent with real experience. Real software cost estimation data was collected based 
on the COCOMO software cost estimation from Fairley Telecom’s software project 
[FA95] and from Kemerer’s work, which empirically validates the software cost 
estimation models [KM87]. The base equation of COCOMO and COCOMO-II is the 
same, which will produce the same cost estimates for a project. Therefore, for verification 
of the strategic management application, data from the Kemerer’s and Fairley’s projects 
and can be utilized, assuming that KDOC are same as KLOC.  
The real data of software projects contains effort estimates in man-months for 
different sized projects, where each software project has a different set of overall risk 
Figure 6.3: Sensitivity Test Results 
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impacts. For the fidelity test, the cost estimates are generated for the same software 
project sizes using the strategic management application. Figure 6.4 shows a plot of the 
man-months required, generated by the strategic management application for different 
project sizes, together with the plot of the data taken from the software projects [FA95] 
[KM87]. It shows that the man-month estimates generated by the strategic management 
application increases with the size of the projects [KW04], ignoring the difference 
between the impacts of risk. 
 
6.4. Strategic Management Application: An Example  
This section explores an example for the development of a software project using the 
strategic management application. This example helps to understand how the strategic 
management simulation application can be used in a real software development 
environment. Consider a software development project undertaken by a software 
development organization. The organization lacks software testing capabilities. To 
develop the software project, the business management of the organization considers 
Figure 6.4: Software Cost Estimations for different software project sizes 
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three strategic alternatives for software projects. The software manager uses the strategic 
management simulation application to simulate the effects of these strategies on the 
strategic parameters of the software project.  
The software manager sets the risk tolerance of the organization at 75% of the 
estimated cost, i.e.,   0.75, and then sets the lowest software effort at 25% of the 
estimated cost, i.e.,   0.25. Additionally, the software manager wants to handle the 
maximum 10% of the worst-case risk events, i.e.,  =0.1, and considers these values of  ,   
and   for three strategies. Furthermore, the manager performs the risk assessment for 
risk identification and assigns impact values to identified risk events; the manager then 
chooses the values of COCOMO-II parameters.  
The strategies for the development of the software project are discussed below: 
Strategy 1: Complete in-house software development and testing.  
Strategy 2: Complete in-house software development and contract out the testing. 
Strategy 3: Complete in-house development and testing with additional training for software 
testing. 
Under strategy 1, software testing poses a threat to the development of the software 
project, and software testability is a potential risk. The risk events due to this strategy are 
identified by: the testability, testing and environment attributes of the SEI product 
engineering class which captures the testing quality, testing requirements and testing 
resources risk events; the formality and product control attributes of the SEI development 
process class, which captures the testing plans and processes risk events; and the staff 
attribute of the SEI program constraints class, which highlights the lack of staff experience 
in software testing risk events. Management of a software project can dynamically adjust 
the number of testing personnel by hiring contractors for software testing. The risk 
impact of these identified risk events increases the overall software project cost in the 
testing phase of the software project. 
Strategy 2 results in a different set of risk events. When there are multiple teams and 
sites involved in the development and testing of a software product, then there are 
coordination, monitoring and communication issues among the distributed sites and 
multiple teams. These risk events are identified by: the process Control, monitoring and 
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communication risk attributes of the SEI development environment class, which captures the 
coordination and communication issues among different teams and sites. Furthermore, 
contracting out the testing phase of the software project brings about the risk events 
related to contracts of software development projects. These risks are identified by the 
type of contract attribute of the SEI program constraints class, which highlights contractual 
issues. To correct the breakdown in communication and contractual issues, software 
project management can dynamically deploy corrective actions. 
Strategy 3 for the development of the software project requires some developers to 
receive testing training for the software to enhance the testing capabilities of the 
company. This strategy affects the development activity of the software project and 
causes software maintenance and reliability issues. These risk events are identified by 
the maintainability and reliability attributes of the SEI product engineering class, which 
highlights the issues with maintenance and reliability of the software testing. Training 
also causes difficulty in dealing with the human resources and has a consequence on the 
adequacy of the software specifications. These risk events are identified by the human 
factor and specification attributes of the SEI product engineering class, which highlights the 
staffing needs and specification of the software for testing. The number of software 
personnel who must receive the required training to test the software is dynamically 
adjusted depending upon the need, which impacts the overall estimated software project 
cost. 
Table 6.1 shows the SEI risk taxonomy used to identify risk events relevant to each 
strategy, along with the SEI question number. There are other risk events that are not 
dependent on any strategy but contribute to the risk impact regardless of the strategy 
used. A risk impact value is assigned for each identified risk event on a scale of [1-100], 
which represents the percentage of impact each risk event is expected to contribute 
towards the software project cost. A detailed list of assigned risk impacts during 
different phases is given in Table F.1 [APPENDIX_F] for all three strategies where 
phases, design, develop, test, and integrate are referred as phase 1, phase 2, phase 3 and 
phase 4, respectively. Risk events that are not identified as risks are not assigned an 
impact value. 
The simulation application performs the risk assessment and estimates the Beta 
probability distribution fit for the impacts of risk events of SEI risk classes, as shown in 
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Figure 6.5, which illustrates the risk impact histograms, for the product engineering, 
development process and the program constraints SEI class for phase 1 of the software 
project using strategy 1. Additionally, Figure 6.5 shows the overall risk impact      for 
strategy 1 for phase 1 of the software project. The strategic simulation application loads 
the COCOMO-II data shown in Table F.2 [APPENDIX_F] and constructs the overall 
estimated software project cost,   ; for the phase 1 under Strategy 1. This single point 
cost estimate is mapped on to the expectation of a gamma distribution for cost modeling. 
Table 6.1: Specific Risk Events of Strategies 1, 2, and 3 
Strategy 1 
Product Engineering Development 
Environment 
Program Constraints 
2. Design 
    e. Testability  
 (24,25,26) 
1.Development Process 
   a. Formality (78) 
   c. Product Control 
  (85,86,88,91) 
1.Resources 
    b. Staff (147) 
3. Code and Unit Test 
    b. Testing  (34,35,36) 
  
4. Integration and Test 
   a. Environment (46) 
 
 
 
Strategy 2 
 1.Development Process 
   c. Process Control 
 (83) 
2.Contract 
 a. Type of Contract 
(161,162,163) 
 4.Management Methods 
   a. Monitoring 
 (117,118) 
 
 5.Work Environment 
   c. Communication 
 (138) 
 
Strategy 3 
5.Engineering 
Specialties 
  a. Maintainability (61) 
  b. Reliability (64) 
  e. Human Factor (71) 
  f. Specification 
  (72,73,74) 
  
 
In the next step, the overall impact of risk events,     , for the  
   software project 
phase, and the     software development strategy is integrated with the estimated 
software project cost,      . This produces the estimated cost, integrated with risk, (    , 
for this phase of the software project. In-addition, the software risk measure, 
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  (  |         ) , and the contingency is estimated for this phase of the software project. 
The simulation continues and is repeated for all the phases of the software project. The 
plots of      ,       along with the values of software risk measure,   (  |         )  and 
contingency estimates are shown in Figure 6.6 for strategy 1. 
 
Figure 6.5: Risk Impact histogram for Strategy 1 and Phase 1 
The expected cost (work effort in man-months) for all the phases of the development 
of the software using strategy 1 is estimated as             ,              , 
               and                man-months. The overall expectd cost using a 
software development strategy is the sum of the costs of each development phase of the 
software project; for strategy 1 the overall expected cost is                    
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                          man-months. The risk measure under strategy 1 for the 
design phase is     (  |             ) 
 = 6.78 man-months, while for the develop, test and 
integrate phases, it is     (  |             ) 
  13.44,     (  |             ) 
  27.36 and 
    (  |             ) 
  23.0 man-months, respectively.  
Similarly, simulation of strategies 2 and 3 produce expected costs, software risk 
measures and contingency estimates for these strategies. Figure 6.7 gives a single sheet 
view of the expected costs,       , risk measures,     (  |             ) 
, and contingency 
estimates for all the strategies during different phases of the development. 
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Figure 6.6: Histogram of Estimated Software Project Cost with      
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Figure 6.7: Single Sheet Comparison of Expected Cost of Strategies 
The values from Figure 6.7 are tabulated in Tables 6.2, 6.3 and 6.4 which shows the 
expected costs, risk measures and contingency estimates under different management 
strategies for different phases of the development of the software project. Comparing the 
expected costs, software risk measures and contingency requirements reveals how these 
parameters change for each phase under different strategies. For example, using strategy 
1, the expected cost needed for phase 3 is          20.54 man-months, while for 
strategy 2 and 3, the expected cost is          3.62 and          22.11 man-months, 
respectively. Additionally, the risk measure for phase 3 using strategy 1 is 
    (  |             ) 
=27.36 man-months, while the strategies 2 and 3 requires 
    (  |             ) 
=5.26 and     (  |             ) 
 =27.11 man-months of risk measure, 
respectively. 
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Table 6.2: Expected Costs for Different Strategic Management Plans 
Table 6.3: Risk Measures for different Strategic Management Plans at 75% 
Table 6.4: Contingency Estimates for Different Strategies at 75% 
Under strategy 1, the design phase of the software development project needs the 
lowest amount of expected cost,               man-months, while the highest expected 
cost is needed for the test phase using the strategy 3,                man-months. 
Strategy 3 needs the lowest amount of overall expected cost of         34.99 man-
months (         +          +          +          = 34.99), but needs the highest cost for 
the design phase. Strategy 1 has the highest amount of overall cost of 53.07 man-months, 
but needs the lowest amount of cost during the design phase.  
Strategy 1 shows the highest overall risk of     ( |            ) =    (  |             ) 
 + 
    (  |             ) 
+     (  |             ) 
+     (  |             ) 
=70.58 man-months, 
while strategy 2 shows the least amount of overall risk of     ( |            ) = 47.09 man-
months. Strategy 1 and 2 show almost equal amount of risk during the test phase, while, 
 
Expected Cost        
Design 
    
Develop 
     
Test     
     
Integrate 
     
Overall 
Strategy      4.44 9.98 20.54 18.11 53.07 
Strategy      4.65 9.90 3.62 16.82 34.99 
Strategy      4.64 9.95 22.11 15.35 52.05 
 
    (  |               )  
Design 
    
Develop 
     
Test     
     
Integrate    
     
Overall 
Strategy      6.78 13.44 27.36 23.00 70.58 
Strategy      7.05 13.62 5.26 21.16 47.09 
Strategy      7.28 12.82 27.11 19.24 66.45 
 
Contingency     (  |               )        
Design 
    
Develop 
     
Test     
     
Integrate    
     
Overall 
Strategy      2.34 3.47 6.82 4.88 17.51 
Strategy      2.40 3.72 1.64 4.32 12.08 
Strategy      2.64 2.88 5.00 3.89 14.41 
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strategy 2 shows the least amount of risk during the test phase of the software 
development.  
Similarly, strategy 2 requires the least amount of overall contingency resources at 
12.08 man-months. Strategy 1 needs the highest amount of overall contingency resources 
at 17.51 man-months, but requires the least amount of contingency resources during the 
design phase of the software project. This information on the expected cost, risk measure 
and contingency estimates are used for project management planning, where each 
project development strategy produces different project management plans.  
For project management planning, resources are defined as the human resources and 
their utilization is called units in Microsoft Project 2007©. For example, when a resource 
works 8 hours a day then for that day the utilization of that resource is 100%; increasing 
the utilization to 150% increases the utilization of the resource to 12 hours per day. 
Microsoft Project 2007© uses the  𝑜         𝑜        model to define the work of 
the project. Therefore, when the work effort in man-months is defined and units are 
fixed, then the project duration, in months, is calculated for the given units to complete 
the given work. For this software project scenario, the work is predefined, which is the 
expected effort in man-months obtained through the simulation, and the resource 
utilization is fixed at 100%; so, the duration in months and the budget  in monetary units 
($) of the project are estimated. 
For the project management planning, assume that the resources of the software 
development team consists of the software manager and 10 software engineers; out of 
those 10 engineers, 7 are software development engineers and 3 are software test 
engineers. Additionally, the project has two extra software engineers called software 
contingency engineers; they are utilized in the case that the contingency resources are 
needed to manage the worst-case risk events of the software projects. The software 
manager is involved in all phases of the development of the software project, the 
software development engineers are involved in the design, development and integrate 
phases, and the software test engineers are involved in the test and integrate phases of the 
development of the software project.  
Furthermore, consider that each software development resource (i.e. software 
manager, software development engineers, software test engineers, software 
contingency engineers) costs on average $10,000 per month, with the exception that 
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under strategy 2, the cost of the software test engineers is 1.5 times the average cost (as 
software test engineers are consultants in strategy 2), and under strategy 3, the cost of 
the test engineers is 1.2 times the average cost. This cost is incurred due to the additional 
training for software testing. The project resources for strategies 1, 2 and 3 are shown in 
Figures F.1, F.2 and F.3 [APPENDIX_F], respectively. 
The software manager chooses the spiral iterative software development process, 
which is suitable for dynamic projects as it allows for visiting previous phases of 
development. Three spiral iterations of each software development phase are assumed 
where each iteration is a complete lifecycle of the development from the design phase to 
the integrate phase. The iteration of phases is defined as ‘finish to start’ in Microsoft 
Project 2007©, which means that the successor task starts only after the predecessor task 
finishes. At the end of each iteration cycle, the last phase of an iteration, the integrate 
phase, is connected with the starting phase of the next iteration, the design phase, by 
‘start-to-finish’, which means that the predecessor task only ends after the successor task 
starts. 
The contingency resources for each phase of the project are modeled with separate 
tasks called contingency tasks. The contingency tasks can start any time during the 
execution of a development phase of the software project which means that the 
contingency task has a ‘start-to-start’ relationship with its project phases. This means 
that a contingency task can start soon after its development task has started. Therefore, 
the contingency work effort, for any software development phase, is utilized after that 
phase has started; the contingency effort may continue even after the work effort of the 
phase has been completed. Assume that the contingency tasks are assigned to two 
software engineers that participate in the project development phase as needed. This 
project management scenario remains consistent for all the software development 
strategies. 
The simulation results for each strategy is modeled using Microsoft Project 2007© to 
develop the project management plan, which reveals the duration and budget for each 
phase of the software project under different software development strategies, along 
with the overall budget and the overall schedule of the software project. Figure F.4, F.6 
and F.8 [APPENDIX F] shows snapshots of the Microsoft Project 2007© plan for each 
strategy. Details are discussed below. 
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The total duration of the software project under strategy 1 is 8.56 months. The 
durations of the design, develop, test and integrate phases of the software project for each 
iteration of the development lifecycle using strategy 1 are 0.19, 0.42, 1.71 and 0.55 months 
(based on the simulation results), which requires budgets of $44,400, $99,900, $205,500 
and $181,200, with a total budget of $531,000. The total duration of the design phase is 
5.89 months, which occurs during three iterations as shown in the project schedule. 
Similarly, the develop, test and integrate phases have durations of 6.12, 7.41 and 6.25 
months, respectively. Additionally, the contingency tasks require additional budgets of 
$23,400, $34,800, $68,100 and $48,900, where each iteration requires durations of 0.26, 
0.39, 0.76 and 0.54 months of contingency effort for the design, develop, test and integrate 
phases, respectively.  
The total contingency budget, using strategy 1, is about $175,200; this is the cost 
reserved to manage the worst-case risk events. Therefore, the total budget of the 
software with all the worst-case risk events occurring is $706,200. This project 
management plan is interrupted as follows: complete in-house software development 
and testing strategy requires the development duration of 8.56 months and requires a 
budget of $531,000, with 75% confidence on the estimated cost, to abate the risk of the 
maximum 10% worst-case risk events of the software project that needs total 
contingency reserves of $175,200.  
The total duration of the software project under strategy 2 is 8.13 months. The 
durations of the design, develop, test and integrate phases of the software project for each 
iteration of the development lifecycle using strategy 2 are 0.19, 0.41, 0.3 and 0.51 months 
(based on the simulation results), which requires budgets of $46,500, $99,000, $49,912 
and $191,250 with a total budget of $386,662. The total duration of the design phase is 
5.89 months, which occurs during three iterations as shown in the project schedule. 
Similarly, the develop, test and integrate phases have durations of 6.11, 6.0 and 4.78 
months, respectively. Additionally, the contingency tasks require additional budgets of 
$24,000, $37,200, $16,500 and $43,500, where each iteration requires durations of 0.27, 
0.41, 0.18 and 0.48 months of contingency effort for the design, develop, test and integrate 
phases, respectively.  
The contingency budget, using strategy 2, is $121,200; this is the cost reserved to 
manage the worst-case risk events. Therefore, the total budget, with the contingency 
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budget, of the software with all the worst-case risk events occurring is $507,862. This 
project management plan is interrupted as follows: the strategy of in-house software 
development and contracting out the test phase requires the development duration of 
8.13 months and requires an expected cost of $386,662, with 75% confidence on the 
estimated cost, to abate the risk of maximum 10% worst-case risk events of the software 
project that needs total contingency reserves of $121,200. 
The total duration of the software project under strategy 3 is 8.62 months. The 
durations of the design, develop, test and integrate phases of the software project for each 
iteration of the development lifecycle using strategy 3 are 0.19, 0.42, 1.84 and 0.47 months 
(based on the simulation results), which requires budgets of $46,500, $99,600, $4254,265 
and $161,978, with a total budget of $562,343. The total duration of the Design phase is 
5.89 months, which occurs during three iterations as shown in the project schedule. 
Similarly, the develop, test and integrate phases have durations of 6.12, 7.54 and 6.17 
months, respectively. Additionally, the contingency tasks require additional budgets of 
$26,400, $28,800, $50,100 and $39,000, where each iteration requires durations of 0.29, 
0.32, 0.56 and 0.43 months of contingency effort for the design, develop, test and integrate 
phases, respectively.  
The contingency budget, using strategy 3, is about $144,300; this is the cost reserved to 
manage the worst-case risk events. Therefore, the total cost, with the contingency 
budget, of the software with all the worst-case risk events occurring is $706,643. This 
project management plan is interrupted as follows: the strategy of complete in-house 
software development and testing with additional training to test the software requires 
the development duration of 8.62 months and requires a budget of $562,343, with 75% 
confidence on the estimated cost, to abate the risk of maximum 10% worst-case risk 
events of the software project that needs total contingency reserves of $144,300. 
The respective schedules of the project for all the strategies are shown in Figures F.5, 
F.7 and F.9 [APPENDIX F]. The schedule of the project, using strategy 1, reveals that the 
first iteration of the design phase (Design 1) starts at 2/1 and ends at 2/6, this is when the 
develop phase (Develop 1) starts and this ends at 2/17. The test phase (Test 1) starts at 
2/17 and continues to 4/5, when the integrate phase (Integrate 1) starts, which ends at 
4/20. Therefore, the first iteration starts at 2/1 and ends at 4/20. The second iteration of 
the phases starts at 4/20 with Design 2 and continues through all predecessor phases, 
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finishing on 7/10 when the third iteration starts, which ends on 9/27. Therefore, using 
strategy 1, the project starts on 2/1 and completes on 9/27, which is a duration of 8.56 
months. The contingency task for the first iteration of the design phase (i.e., Design 
Contingency 1), if invoked, will start on 2/1 and finishes on 2/8, while Develop 
Contingency 1 starts on 2/6 and finish on 2/16. Test Contingency 1 starts on 2/17 and 
ends on 3/9, whereas the Integrate Contingency 1 starts on 4/5 and finishes on 4/20. It is 
interesting to note that the contingency tasks may continue even after the work of the 
project has been completed, which can be regarded as the extra work added to the phase 
due to risk events. 
Similarly, the simulation of the project management planning reveals the project’s 
schedule; using strategies 2 and 3 with specific dates and durations. The schedule of the 
project for all the strategies are tabulated in Table F.3 [APPENDIX_F] with start and end 
dates for each iteration of different development phases. 
A review of the schedule reveals that strategies 1 and 3, and the design and the develop 
phases under strategy 2, produce almost the same schedule for the development of the 
software project. The test and integrate phases, using strategy 2, produce different 
schedules, which are shorter in duration than strategies 2 and 3. Additionally, the 
schedule for the contingency effort for the design, develop and integrate phases are almost 
the same under all strategies; the difference in the schedule for the contingency effort is 
in the test phase, which has a short duration under strategy 2 compared to strategies 1 
and 3. 
The difference in budget and the schedule for the test phase of the project is due to 
difference in how the software should be tested. Strategy 2 produces the lowest amount 
of budget and the shortest schedule duration as that strategy suggests contracting out 
the testing phase of the development, which employs the experienced contractors for the 
testing. Despite the fact that these contractors are more expensive they are able to do the 
job effectively and efficiently, because strategy 2 produces lower budget and schedule 
expectations compared to the other two strategies. 
Software management models assess different levels of risk tolerance by setting the 
value of   for the software risk measure. Increasing the risk tolerance means that the 
software project has more contingency resources allocated and the project can withstand 
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more worst-case risk events. Therefore, by increasing the probabilistic confidence in the 
cost, the risk measure and the contingency resource estimate increase. These changes in 
the risk measure and the contingency causes the project schedule to have more 
contingency cost allocated and increases the overall duration of the schedule of the 
software project. For example, when the risk tolerance is increased to 85%,  =0.85, with 
b=0.25 and   =0.1, this results in a different set of risk measure and contingency 
estimates, as shown in the Tables 6.5 and 6.6, respectively, for all development strategies. 
These changes bring out different project management plans under different software 
development strategies. For example, using strategy 1, the total cost increases to 
$858,300, while the duration increases to 9.08 months. Similarly, for strategies 2 and 3, 
the cost increases to $635,362 and $845,843, while the duration of the project increases to 
8.9 and 9.23 months, respectively. The snapshots of project management planning at 85% 
risk tolerance is shown in Figures F.10, F.11, F.12, F.13, F.14 and F.15 [APPENDIX F]. The 
schedule for the project under all the strategies at 85% risk tolerance is tabulated in Table 
F.4 [APPENDIX F]. 
Table 6.5: Risk Measures for different Strategic Management Plans at 85% 
Table 6.6: Contingency Estimates for Different Strategies at 85% 
When the risk tolerance is increased to 90%, the estimated values of software risk 
measure and contingency estimations are shown in Tables 6.7 and 6.8, respectively. For 
strategy 1, the duration of the project increases to 10.31 months, and the cost increases to 
$1,107,600. For strategy 2, the duration of the project changes to 9.57 months, and the 
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cost increases to $769,462, whereas for strategy 3, the change in the risk tolerance from 
75% to 95% increases the duration of the project to 9.83 months and the cost to 
$1,099,643. The snapshots of project management planning at 85% risk tolerance is 
shown in Figures F.16, F.17, F.18, F.19, F.20 and F.21 [APPENDIX F]. The schedule of the 
project under all the strategies at 95% risk tolerance is tabulated in Table F.5 [APPENDIX 
F]. 
Table 6.7: Risk Measures for different Strategic Management Plans at 95% 
Table 6.8: Contingency Estimates for Different Strategies at 95% 
Increasing the risk tolerance of the project increases the budget and the schedule of 
the project as with increased risk tolerance, the project has the resources to withstand the 
impacts of more severe risk events, i.e. more risk events are now in the worst-case risk 
category. This increase requires additional cost and contingency resources, which add to 
the schedule and the budget of the software project. It is interesting to note that 
increasing the risk tolerance from 75% to 85% increases the budget of the software 
project by approximately 5% for all the strategies. By increasing the risk tolerance from 
85% to 95%, the budget of the software project increases approximately 14.5% for 
strategies 1 and 3, while for strategy 2 the budget increases by 10%. 
These comparisons allow business and project managers to select the strategy that 
suits their requirements best. For example, among the three strategies discussed, it 
emerged that training engineers to be competent is the best strategy for the future 
software development projects which better than the contacting out any phase of the 
 
    (  |               )  
Design 
    
Develop 
     
Test     
     
Integrate    
     
Overall 
Strategy      10.06 21.35 42.19 37.13 110.73 
Strategy      10.39 20.84 7.93 34.1 73.26 
Strategy      10.95 21.16 43.17 30.05 105.33 
 
Contingency     (  |               )        
Design 
    
Develop 
     
Test     
     
Integrate    
     
Overall 
Strategy      5.62 11.38 21.65 19.02 57.67 
Strategy      5.74 10.94 4.31 17.28 38.27 
Strategy      6.31 11.21 21.06 15.14 53.72 
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software development.  To assume that strategy with the lowest cost, duration, risk or 
contingency options is the best strategy may not be true. For example, the organization 
may want to take more risk and invest more resources for the development of the 
software project so as to stay competitive in the market. Different factors that are outside 
the scope of the project, i.e., project development and management environment, market 
competition and technological changes, may contribute towards the selection of the best 
project development strategy. 
The selection of the best strategy in any software development scenario is the function 
of the business and project managers as they encompass the strategic value of a project 
for the organisation. These comparisons allow the business management and project 
managers to select the strategy that best fits their requirements and interests. The best 
strategy may not be the one that produces the lowest cost and risk, but the one that best 
suits the organisation’s resources, desired budget and/or schedule. For example, a 
software organisation may want to undertake more risk and allocate a larger budget to 
stay competitive in the market. Furthermore, other parameters, including specifications 
and quality, are equally important and therefore need careful consideration. In addition, 
there are factors outside the scope of the project that might contribute to the selection of 
the optimal project development strategy, such as project development, managerial 
environment, market competition and technological changes. 
6.5. A Case-Study Using ISBSG Data Set 
A case-study is conducted using the data from the International Software 
Benchmarking Standards Group (ISBSG release 9) [IS04]. ISBSG maintains a database to 
collect the data of real software development projects from software organizations. The 
database contains different data fields representing various attributes of completed 
software development projects. The aim of the case-study is to understand the impacts of 
different software development strategies on different parameters of software 
development projects. 
A criteria is established to select the data set from the ISBSG database for the case-
study. The objective of the criteria is to find which attributes of software development 
projects are relevant for the case-study and which fields of the ISBSG data set represents 
those attributes of software projects. The data selection criteria states that the data 
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samples should be of high quality, which is represented in the ‘Data Quality Rating’ field 
of ISBSG having a value ‘A’. The focus of the case-study is to understand the effects of 
different software development strategies on the cost integrated with risk and the 
schedule of the software projects for different phases of the development. Therefore, the 
selected data samples should have effort data available for all the development phases. 
The phases are defined in the ISBSG data set as planning, specification, design, build, 
test and implementation. The effort data for different development phases help to 
simulate the project management planning for the case-study. The definitions of selected 
fields of the ISBSG data set are shown in Table F.6 [APPENDIX_F]. 
Therefore, the selection criteria can be summarized as follows: 
1. The data classified as ‘Data Quality Rating’ of A. 
2. The data set should represent different software development strategies. 
3. The data set should contain effort information for all the specified phases of the 
software projects. 
Table F.6 [APPENDIX_F] illustrates the fields of ISBSG data which are used for the 
case-study [IS04]. Using the above criteria a data set of ten software projects was selected 
for the case-study. Further, Table F. [APPENDIX_F]7 illustrates the selected ISBSG data 
set for the case-study. 
6.5.1. Case-Study Design 
The case-study applies the proposed strategic management simulation model to the 
selected data from the ISBSG data set. The simulation model maps man-months effort for 
different phases of the software projects to the expectation of the gamma distribution to 
model the random estimated cost,  , integrated with the impact of risk events, of the 
software projects. The simulation model then applies the risk measure model for 
different phases of the software projects and estimates the contingency resources 
required for each phase of the software projects. Wherever data for un-phased effort is 
available it is modeled using the same procedure as explained for the effort of each 
phase of the software projects. The contingency estimates for all the phases of the 
software projects are shown in Table F.8 [APPENDIX_F]. 
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The reported efforts and estimated contingency man-months for each phase of the 
software projects are inserted in Microsoft Project 2007 to simulate the project 
management planning. Further, each development phase of a project is modeled with 
three iterations; where each iteration of a phase is linked in Microsoft Project 2007 with 
the iteration of the next phase through ‘Start-to-Finish’, which means that an iteration of 
a phase can start only after the iteration of its predecessor phase has completed. 
Similarly, all the contingency tasks are connected in Microsoft Project 2007 with the first 
iteration of their respective development phase through ‘Start-to-Start’, which means 
that the contingency tasks can start any time after the first iteration of their respective 
phase starts. For example, the contingency task for the planning phase can start any time 
after the first iteration of the planning phase. The un-phased development phases are 
modeled in a similar way. 
The ISBSG data set explains four different software development strategies; these 
strategies are discussed in the Resource Level field of the Effort Attribute of the ISBSG 
data set, as shown in Table F.6 [APPENDIX_F]. Strategy 1 deals with the development of 
software projects which is completely developed by the software development team; 
strategy 2 is a development plan which involves the support from other software 
departments within the organization. Strategy 3 defines the involvement of hardware in 
addition to the software development team and software support team. Strategy 4 
involves teams which are outside the organization, in addition to all the teams within the 
organization, i.e., software development, software support and hardware development 
teams.  
For the project management planning, the average team size, from ISBSG, is used for 
the number of resources deployed for all the development phases of the software 
projects. Whereas, for the contingency task, the maximum team size, from ISBSG, is used 
to model the number of resources set aside as the contingency of the software projects. 
Further, the fractional team size is modeled with fractional resource utilization. For 
example a team size of 4.2 is modeled with three resources which are 100% utilized and 
the fourth resource is 120% utilized making it a total resources utilization of 420% which 
represents 4.2 resources. 
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6.5.2. Case-Study Results 
The reported man-months effort and the estimated contingency efforts are modeled in 
Microsoft Project 2007 for the simulation of the project management planning phase. 
Figures F.22 to F.31 [APPENDIX F] show snapshots of the simulations of the project 
management planning. The simulation of project management planning reveals the 
schedule (duration) of the software project. The results of the simulation of the project 
management planning for each project and shown in Table F.9 [APPENDIX_F] and are 
discussed below. 
Software project ID 16465 has a total estimated effort of 42.11 man-months which 
includes 34.44 man-months of total reported project effort in the ISBSG data repository. 
The total estimated contingency effort for this project is 7.67 man-months. The project 
management planning reveals a project duration of 12.36 months, as shown in Figure 
F.22 [APPENDIX F]. The actual calendar months recorded for this project, as reported in 
the ISBSG data repository, is 12.00 months. This project is developed using strategy 1. 
Project ID 19539 has an effort of 48.34 man-months, which includes 39.58 man-months 
of reported effort in ISBSG and 8.76 man-months of total estimated contingency effort. 
The actual development months reported in the ISBSG data for the project are 24.00 
months. In-addition, it is reported in the ISBSG data set that this project remains inactive 
for 8 months; therefore, the actual development takes 16.00 months. The simulation of 
project management planning shows a development duration of 12.89 months, as shown 
in Figure F.23 [APPENDIX F]. This project also used development strategy 1. 
Project ID 20896 has a total effort of 25.43 man-months of which 20.76 man-months 
are the total reported effort in the ISBSG and the 4.67 man-months are the total estimated 
contingency effort. The project management planning reveals a project duration of 25.43 
months, as shown in the Figure F.24 [APPENDIX F]. The actual calendar months 
reported in the ISBSG data for this project is 18.00 months. This project is developed 
using strategy 4. 
Project ID 11788 has a total reported effort of 11.07 man-months in the ISBSG data 
repository and a total estimated contingency of 2.48 man-months; therefore, the total 
work effort is 13.55 man-months. The project management planning reveals a total 
duration of 9.66 months, as shown in Figure F.25 [APPENDIX F]; the actual calendar 
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months recorded for this project are 20.00 months as reported in the ISBSG data. This 
project is developed using strategy 4. 
Project ID 28301 has an effort of 29.19 man-months which has a total reported effort of 
23.86 man-months in the ISBSG data and a total estimated contingency of 5.33 man-
months. The project management planning reveals a project duration 11.44 months, as 
shown in Figure F.26 [APPENDIX F]. The actual calendar months recorded for this 
project is 7.90 months as reported in the ISBSG data repository. This project is developed 
using strategy 4. 
Project ID 12874 has an effort of 34.82 man-months which has a total reported effort of 
28.47 in the ISBSG data and the estimated contingency effort of 6.35 man-months. The 
project management planning reveals 8.54 months of project duration, as shown in 
Figure F.27 [APPENDIX F]. The actual calendar months recorded for this project is 5.50 
months as reported in the ISBSG data. This project is developed using strategy 4. 
Project ID 32291 has an effort of 16.67 man-months which includes a total reported 
effort of 13.76 man-months in the ISBSG data and total estimated contingency of 2.91 
man-months. The project management planning reveals 5.83 months of duration, as 
shown in Figure F.28 [APPENDIX F]. The actual calendar months recorded for this 
project is 11.00 months. This project is developed using strategy 3. 
Project 28155 has an effort of 46.17 man-months with a total effort of 37.76 man-
months as reported in the ISBSG and 8.41 man-months of total estimated contingency. 
The project management planning reveals 7.23 months of duration, as shown in Figure 
F.29 [APPENDIX F]. The actual calendar months recorded for this project is 5.50 months. 
This project is developed using strategy 4. 
Project ID 16201 has a total work effort of 54.49 man-months which includes a total 
effort of 44.58 man-months as reported in the ISBSG data and a total estimated 
contingency of 9.91 man-months. The project management planning estimates 9.06 
months of duration, as shown in Figure F.30 [APPENDIX F]. The actual calendar months 
recorded for this project is 6.70 months. This project is developed using strategy 4. 
Project ID 14293 has a total work effort of 91.79 man-months that includes 75.08 man-
months of total reported effort in the ISBSG data and a total estimated contingency of 
 Chapter -6  Strategic Management Process Model 179 
 
16.71 man-months. The project management planning reveals 9.56 months of duration, 
as shown in Figure F.31 [APPENDIX F]. The actual calendar months recorded for this 
project is 5.20 months. This project is developed using Strategy 4. 
Under strategy 1, which is used in 3 projects, one project has almost the same month 
duration of 12.00 man-months which is estimated in the simulation of the project 
management planning. The second project has 24.00 month of development time as 
oppose to the planned duration of 12.89 months. The ISBSG data reports that this project 
was in-active for 8 months; therefore, the actual development months of the project has a 
duration of 16.00 months. Since the project remains in-active for an extended period of 
time, its effect on the project resources remains unclear. The third project which used 
strategy 1 for the development, reported a development cycle of 20.00 months as oppose 
to the planned cycle of 9.66 months. For this project, the data for the project un-active 
time is not provided.  
The project which is developed using the strategy 3, reported development duration 
of 11.00 months, while the project management planning reveals duration of 5.83 man-
months.  
Six of the ten projects used project development strategy 4, and all the projects 
reported a lower project development duration than the duration planned in the 
simulation of the project management planning.  
Table F.9 [APPENDIX_F] summarizes the total reported work effort, total estimated 
contingency, actual reported calendar months and duration using the project 
management planning. These results reveal that complete in-house software 
development, strategy 1, with all the resources allocated to the project produces reliable 
project management plans. Whereas when the development spreads to multiple 
departments and multiple sites, strategy 3, the project management planning produces 
lower duration compared to the actual duration of the projects. Therefore, the effects of a 
project spreading to multiple sites are clearly visible in the actual development the 
project. 
The project management planning under development strategy 4 produces more 
duration than the actual duration of the project. This can be explained when parties 
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outside a company are involved, i.e. contractors, who bring their expertise to the project 
resulting in a shorter development cycle than planned. 
This case-study shows that the simulation of different strategies helps to bring out the 
impact each development strategy can have on the different parameters of software 
project. The case-study showed how different development strategies can have an 
impact on the duration of the software development projects. Therefore, the simulation 
results help project managers to understand the impact of their decisions on different 
parameters of the software project and help them to adopt a development strategy which 
suits their requirements the best. 
A project development team has multiple levels of expertise; therefore, a resources 
utilization of 100 percent will produce different work output with different resources. 
Further, the ISBSG data set do not provide a field for the cost of the resources and the 
budget of the software projects; therefore, the impact of strategic decisions on the budget 
of the software projects could not be studied in the case-study. 
6.6. Summary 
A simulation model for the strategic management of software projects has been 
proposed that benefits from the dynamic modeling of risk. The proposed model is 
independent of specific software development tools and practices. The proposed model 
for strategic management of a software project is an essential tool for today’s dynamic 
software development environment, where many software development parameters 
change during the course of the software project. Traditional risk management models 
are not capable of capturing these variations in the parameters of strategic interest. The 
proposed model defines the sequence of activities for risk modeling and management in 
dynamic settings that help software project managers to understand the effects of their 
decisions on different parameters of software projects. Hence, the model simulates the 
relationship between management decisions and the parameters of software project as 
their relationship continuously changes throughout the development lifecycle of 
software projects. 
A simulation application for the strategic management for software projects has been 
developed using the MATLAB© modeling language. The simulation application captures 
the dynamic variations in the impact of risk events and simulates the estimated cost for 
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different phases of the software project software projects. The simulation application 
helps to explain and model the dynamic changes under different strategic management 
plans, which helps to the development of project management plans using different 
strategic decisions. 
A critical element of the proposed strategic management model is that it is a generic 
model with the software project models for development, estimation and assessment are 
continuously evolving; therefore, different sets of risk management, cost estimation and 
software development process models can be adopted to select the best set of models for 
the strategic management of software projects.  
Further, this chapter represents a case-study which is conducted using the data from 
the ISBSG data repository. The results of the case-study are discussed and shown that 
the simulation model maps different strategic decisions with different values of the 
project parameters. Hence, these results help projects managers to select a strategic 
decision among different alternative which produces the most desirable project 
management plan. 
Therefore, this chapter has fulfilled the 1st aim of the research, in-addition, this 
chapter has met the 8th and 10th objectives of the research which are discussed in the 
section 1.2.2 of this thesis. 
A software project has other parameters of strategic importance, i.e., quality and 
specifications. Further development of the simulation model can include additional 
parameters of strategic importance for the development of software projects. For further 
development of the model, it can be integrated with a rule-based expert system for 
decision analysis and decision selection for the software strategic management. 
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Today’s software development is not just about developing the software but also 
about staying competitive in the fast-moving market and technological environment. 
The strategic value of software development projects has increased due to the 
competition and advancements in technology. As new market segments are introduced 
for software applications, and the latest tools and methods are adopted for software 
development, the strategic management of software projects is not an option but rather a 
necessity. Software development projects are dynamic activities, and parameters of 
software projects undergo dynamic changes during different stages of development. 
Therefore, software projects require innovative ideas for managing the ever-expanding, 
dynamic development activities.  
Software development projects are notorious for being over budget with delayed 
schedules, and the search continues for finding a software development process that is 
efficient and effective.  While innovative ideas for the software development process are 
being proposed, less effort has been made regarding the question of how the software 
development process should be managed. From experience, we have learned that 
development processes cannot alone deliver the software within the expected budget 
and schedule. The software development process needs to be managed in efficient ways 
to achieve the software development goals so that the cost, schedule and budget 
expectations are met. Therefore, as the complexity of the software development process 
increases, its strategic value increases.  
The strategic management process is about making strategic decisions to manage the 
parameters of strategic importance. Strategic management decisions are defined in the 
early stages of software projects before any project development activity starts. At this 
stage, complete and detailed information about the project is not known. Simulation of 
the strategic management process helps to quantify strategic parameters of software 
projects. Simulation models present the effects of strategic decisions on strategic 
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parameters that shape the project management plans and facilities in decision analysis 
and the decision-making process.  
The strategic management plan sets the overall direction of the project, while project 
management focuses on the implementation of strategic decisions. Business 
management defines the strategic decisions that are in the best interest of the 
organization, and the project manager develops project management plans to implement 
the strategy in the most effective and efficient way. Therefore, to make best strategic 
decisions, the business management and project manager should work together and 
maintain close communication. 
This research has proposed a simulation model of the strategic management process 
of software projects. The proposed simulation model is a complete framework that 
encompasses critical elements of strategic management, including strategic decisions 
design, quantification of strategic parameters and project management planning. The 
proposed model helps to choose a strategic decision based on the quantified strategic 
parameters. Additionally, the research has presented dynamic risk modeling for 
software projects that captures the dynamic changes in the risk of software projects for 
different phases of development. These dynamic changes in the risk render impacts on 
the strategic parameters of software projects. The proposed simulation model for 
strategic management of software projects utilizes dynamic risk modeling, where 
dynamic risk variations cause variations in the estimated cost for each development 
phase of the project. This research work has introduced the measure of risk for software 
development projects, which represents the expected cost due to a set of risk events. The 
software risk measure helps to define contingency resources that are needed to abate the 
risk of the set of risk events. The proposed simulation model for strategic management 
uses expected cost, software risk measure and contingency estimates for the strategic 
decision analysis. 
The proposed simulation model is a tool for today’s dynamically changing software 
development environment, where many software development parameters change 
during the execution of the project. The proposed simulation model integrates the risk 
assessment and cost estimation in a dynamic setting that helps software project 
managers better understand the effects of their decisions on the risk and cost of software 
projects during different phases of the development. The dynamic changes in the cost 
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and risk alters the risk measure and contingency estimates for each development phase 
of the project. The simulation model presents these changes in the form of risk measure 
and contingency estimates for strategic decision analysis. The proposed model is based 
on the Discrete Event Simulation modeling technique, which is suitable for the 
simulation of models that evolve over time at predefined stages. 
Understanding the dynamic changes in the risk events of software projects helps to 
find the best strategic management decisions from different strategic alternatives where 
different strategic management plans have different sets of risk. Dynamic modeling is an 
effective way to model the future scenarios of software development projects, and 
modeling can also illuminate how those scenarios can be effectively managed by 
adopting the best strategic management plan for the development of software projects. 
The proposed simulation model for the strategic management process of software 
projects simulates multiple management choices and helps to choose the best strategic 
management plan that supports the organization’s vision and provides the best option to 
manage the strategic parameters of software projects.  
The proposed model is generic, having generic components with plug-and-play 
interfaces. Therefore, any set of risk assessment and cost estimation models can be 
adopted for the simulation, which presents a flexible choice to the organizations and 
software managers so that they can adopt models and tools of their choice. 
The research achieved multiple milestones towards the development of a simulation 
model for strategic management process; these contributions are described in the 
following section. 
7.1 Research Contributions 
The research work has made the following contributions: 
1. A simulation model for strategic management process of software projects has 
been proposed and validated. The proposed simulation model provides decision-
making support for today’s dynamically changing software development 
environment. The proposed simulation model integrates the risk assessment and 
cost estimation in a dynamic setting, which helps software project managers 
understand the effects of their decisions on the risk and cost of software projects. 
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Therefore, the proposed model simulates the effects of strategic decisions and 
shows the relationship between management decisions and variations in the risk 
and cost of the software project for different phases of the software project. The 
proposed simulation model is a complete framework to simulate all critical 
elements for the management and development of software projects. The 
simulation model is generic, having generic components, so it presents a flexible 
solution. The proposed simulation model is discussed in chapter 6. 
2. This research has proposed dynamic software risk modeling (DSRM). Dynamic 
software risk modeling brings out the dynamic changes that occur in risk during 
different stages of the development of software projects. Through feedback, the 
dynamic modeling allows adjustments, through corrective actions, in the risk 
management plan during different development phases of software projects. 
These corrective actions ensure proper implementation of the risk management 
plan to abate the risk of software projects. These adjustments cause new risk 
assessment, and probabilistic behavior of risk is updated. Dynamic changes in 
risk cause variations in the estimated cost, risk measure, and contingency 
estimates of a software project. Dynamic software risk modeling is discussed in 
chapter 5. 
3. A novel risk assessment model is presented that is capable of classifying risk 
events based on the dependence and correlation between them. The proposed 
risk assessment model suggests a scheme for the identification of risk events of 
software projects. The risk classification scheme relies on the SEI’s TBQ for risk 
identification and presents risk classification of the SEI classes and attributes 
based on their dependence and correlation. The risk assessment model integrates 
the risk of different SEI classes and estimates the overall risk of the software 
project. The proposed risk assessment model is discussed in section 3.3. 
4. The research work discussed Constructive Cost Models (COCOMO, COCOMO-
II) for cost estimation of software projects. The research explains that the 
estimated cost may not be subadditive since software cost estimation often deals 
with the non-symmetric probabilistic models which are more susceptible to 
produce non subadditive estimates. The subadditivity property ensures that the 
overall estimated cost of a software project should be equal to the sum of the 
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estimated cost of different tasks of the software project. Furthermore, estimated 
cost of a portfolio of software projects should be, at most, equal to the sum of the 
estimated costs of all the software projects of the portfolio. Therefore, integration 
of software projects into a portfolio for cost estimation leads to a reduction in the 
overall cost, which helps in portfolio optimization. A solution is suggested to 
avoid this issue, which ensures that the estimated costs of software projects are 
subadditive. The subadditivity of the estimated cost and a solution to generate 
subadditive estimates is discussed in section 3.2. 
5. Based on analogies with financial models, a model to measure the risk of 
software projects, called software risk measure, has been proposed and validated. 
The model estimates the measure of risk inherent in strategic management plans 
where different strategic management plans have different sets of risk. Therefore, 
risk measure gauges the effectiveness of a strategic management plan of a 
software project. The software risk measure model is discussed in chapter 4. 
6. Based on analogies from financial models, the research proposed a contingency 
estimation model for software projects that relies on the software risk measure 
for contingency estimations. The risk measure model helps to estimate the 
contingency resources needed to safeguard the software project against certain 
categories of risk events. The contingency estimation model is discussed in 
chapter 4. 
7. The research laid the groundwork for a simulation application in the MATLAB© 
simulation modeling language that implements the proposed strategic 
management process model. The application helps to identify risk events and 
constructs a probabilistic model of the overall impact of risk using the risk 
assessment proposed in section 3.3; furthermore, it estimates the cost for the 
software project and integrates the cost with the overall impact of risk events for 
different phases of the software project. The simulation application allows the 
modeling of three strategic management plans; hence, it allows comparisons of 
different strategic management plans in order to choose among them the best 
plan for the development of the software project. The application uses dynamic 
risk modeling and integrates risk assessment and cost estimation models. The 
application deploys software risk measure on the integrated assessment of risk 
 Chapter -7  Conclusions 187 
 
and cost so as to highlight the measure of risk and gauge the contingency 
estimates needed for different phases of the software project. The simulation 
application allows the selection of risk tolerance for the organization and 
estimates the risk measure and contingency based on the risk tolerance of the 
organization. The simulation application is discussed in chapter 6.4. 
7.2 Limitations 
 The proposed simulation model for strategic management of software projects is 
generic, which allows for the interchangeability of different components and an 
overview of how these components are interconnected. Therefore, the effective 
use of the simulation model requires some experience with the models and tools 
being used to build the proposed simulation model for strategic management of 
software projects. 
 
 When the project parameters are represented with the probabilistic models, the 
shape of the distribution plays a fundamental role in estimating the parameters 
under different probabilistic bounds. The proposed simulation model does not 
recommend any specific model of any parameters of software projects. Therefore, 
it is important that the managers of software projects should choose the right 
probabilistic models of project parameters. The accuracy of the simulation results 
will depend upon the right choice of the model. 
 
 The simulation model focuses on the cost and risk of the software project and 
does not include other parameters of software projects, i.e., quality, scope, 
requirements. These parameters are well represented in the software engineering 
domain. Therefore, besides simulation results, other parameters of software 
development projects should be considered to choose the best strategic 
management option.  
7.3 Future Work 
The future directions of this research are listed below: 
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 Construction of the simulation model for strategic management of software 
projects using different sets of risk assessment and cost estimation models for 
software projects. This will help to find the best set of cost estimation and risk 
assessment models for the simulation of strategic management process. In-
addition, the project management tools needs to be explored to find the tool 
that can better model the project management planning using the estimated 
cost and risk for the development of software projects. Further, the cost 
estimation and risk assessment models are evolving through continuous 
research and new project management tools are being developed. Therefore, 
the proposed simulation model needs future updates to adopt the latest tools 
and models for the simulation of strategic management. 
 The proposed simulation model considers the cost and risk for the 
development of software projects. There are other parameters of interest for 
the development of software projects, e.g. quality and specification. Therefore, 
the proposed simulation model should be expanded to include other 
parameters of strategic importance. 
 A critical element in the strategic management of software projects is the 
selection of a strategy among different strategic alternatives. This can be 
achieved by adopting an expert system within the simulation model for the 
strategic decision analysis and selection. 
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APPENDIX A 
 
Let      be the probability distribution of random variable  , such that          
    , where   is a single realization of   at some instance. 
Define    as the 100 
   percentile of   such that   
        , which is the inverse 
function of  (  )    [PO91]. 
When   is continuous, the         is equal to   i.e.,  (  )   [    ]   , whereas 
when   is discrete and  [    ]   , the probability  [    ] may exceed  , i.e., 
 (  )   [    ]    [CA01]; therefore,  [    ] is overestimated. As a consequence, 
the  [    ]      is underestimated, i.e.,  [    ]     .  
These overestimations and underestimations of the probabilities cause    to be over- 
and underestimated accordingly because   
  ( [    ]   ) causes      and 
  
  ( [    ]     ) causes     .  
The overestimated value of    is subtracted as follows: 
=       [    ]     
Similarly, the underestimated value of    is added as follows: 
=       [    ]         
=       [    ]     
When dealing with order statistics of samples,   , the overestimated probability, 
                ,  is adjusted as follows: 
=                    
whereas the underestimated                  is adjusted as follows: 
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=                    
=       (       }              (A.1) 
Expanding the equation (A.1),  
=         
 
  
∑   
   
{      }
 
  
  
  , asymptotically 
  
  
⟶   [DE08]  
=    
   
  
  ∑   
   
{      }
  ∑   
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Let   be the space of all events related to a software project and a collection   of 
subsets of all events of interest. Space   is said to be   algebra if following are true: 
1.     
2.     then so as its compliment  
   , i.e.,   is closed under complement  
3.           then so as    
     , i.e.,   is closed under countable unions 
Couple       is called measurable space, whereas triple         is a measure space 
where   is the probability defined over   algebra  . Measure      defined on space 
      is said to be finite or bounded when        [BO05] [GM01]. A function is 
  measurable if all the sets               are also    i.e.,               
      . 
Random variable   is said to be real-valued and   measurable that corresponds to 
the mapping    ⟶    [TA98]. This definition of a random variable does not mention 
any probability space; however, the use of a random variable signifies the fact that the 
measurable space      , over which the random variable is defined, is equipped with a 
probability space such that        . Furthermore,   is said to be integrable when 
expectation        provided that both         and        , then   is 
represented as             [BO05]. 
Consider the quotient space defined as        where                , that is 
  is not distinguished from its quotient space   only in that it differs on set of measure 0. 
Then   is called a space of equivalence in classes of   [BO05]. Furthermore, any set of 
equivalence classes of   are either equal or disjoint and form a partition of   where 
every element of   belongs to one and only one equivalence class of  . Therefore, 
        
        represent a set equivalence class of bounded random variables. 
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A continuous random variable that is modeled with a gamma distribution is 
represented as          where   and   are the shape and spread parameters of the 
gamma distribution, respectively, such that                  [RM07]. 
The gamma distribution has the following probability density function [PO91]: 
          
 
      
      
 
 ,      ,       ,          (C.1) 
where      is the gamma function that is defined as follows: 
  𝑣  ∫          
 
 
,    𝑣     
The expectation,            , of the gamma distribution is estimated from 
∫         ; therefore, from equation (C.1): 
     ∫  
 
      
      
 
   
 
 
 
            ∫
 
      
   
 
   
 
 
    
Furthermore, the conditional expectation of the random variable             which is 
modeled with a gamma distribution, i.e.,                   , is defined as follows: 
  [                  ]  ∫
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A prototype of the proposed strategic management simulation model is developed to 
facilitate better understanding of the model. This Appendix explains how the prototype 
application of the strategic management simulation works, and it should be used to 
simulate the effects of strategic management decisions on the cost and risk of the 
software project. The prototype simulation application supports three strategies for the 
development of software projects and is capable of simulating four development phases 
of the software development process. The simulation application assumes that the 
estimated cost and risk assessment data are available for all four development phases of 
the software project for all the strategies. However, for the simulation of a real software 
development project, the data will be available in phases, and the simulation will run in 
steps. 
The strategic management simulation application is constructed using the cost 
estimation and risk assessment models discussed in the section 6.4 and built using the 
MATLAB© simulation language. The simulation application has three files: the 
MATLAB© figure file that contains the graphical user interface (GUI) of the application, 
the MATLAB© source code file for the simulation application, and the Microsoft© Excel 
file that contains the risk assessment and COCOMO-II data for the simulation 
application.  
To use the simulation application, the user enters the risk assessment and COCOMO-
II data in the Excel sheet for all phases of the software project for all the strategies. A 
section view of the Excel sheet is shown in Figure D.1. The user launches the GUI from 
the MATLAB© command workspace, which brings up the main window of the 
application shown in Figure D.2, where a, b and w represent the  ,   and   of the 
software risk measure. Pressing the ‘Run’ button starts the application, which loads the 
data from the Excel sheet and performs the risk assessment, cost estimation, risk 
measure and contingency estimations. After which, other relevant buttons appear in the 
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main window, as shown in Figure D.3, so as to analyze and compare the simulation 
results.  
In this window, the GUI buttons ‘Risk Strategy 1’, ‘Risk Strategy 2’ and ‘Risk Strategy 
3’ launch the risk assessment window, which reveals the histograms of the risk 
assessment for the SEI risk classes, along with the overall risk impact for each 
development phase of the software project for a strategy, as shown in Figure D.4, where 
buttons ‘phase 1’, ‘phase 2’, ‘phase 3’ and ‘phase 4’ shows the risk of the relevant 
development phase of the software project for that strategy.  
In the main window, the ‘Software Cost (COCOMO)’ button launches the software 
cost estimation window, shown in Figure D.5, which brings up the histograms of the 
probability density functions (PDF) of the estimated cost of the software project for 
different development phases of the software project, including the overall cost of the 
software project. Buttons ‘Strategy 1’, ‘Strategy 2’ and ‘Strategy 3’ illustrate the estimated 
cost for the relevant development strategy. Selecting the ‘CDF’ check box on the upper 
right corner of this window shows the cumulative probability distributions (CDF) of the 
cost for the relevant strategy, as shown in Figure D.6. A mouse click inside the plot of 
any cost window for any development phase launches a MATLAB© figure window 
showing the relevant cost, which allows detailed analysis of the cost by zooming in on 
different values of cost. Additionally, the figure window allows different MATAB© 
functions, including printing and saving the cost data in variety of different formats, i.e., 
.pdf and .bmp. These windows are shown in Figure D.7 and D.8 for PDF and CDF, 
respectively. 
The ‘Compare Strategies’ button in the main application window shows the 
comparison of risk measures for different development phases, including the overall risk 
measure under all development strategies, as shown in Figure D.9. Additionally, a 
MATLAB© figure window is launched that illustrates the expected costs, risk measures 
and contingency estimations for all the phases of the software project under different 
strategies, as shown in Figure D.10. 
The ‘Back’ buttons takes the application back to the main window. 
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Figure D.1: A section view of Microsoft Excel sheet for risk and COCOMO-II data 
  
 
Figure D.2: Strategic Management Application, GUI Interface 
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Figure D.3: Strategic Management Simulation Application 
  
 
 
Figure D.4: Risk Assessment window 
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Figure D.5: Software Cost Estimation window (PDF) 
  
 
Figure D.6: Software Cost Estimation window (CDF) 
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Figure D.7: Detailed Analysis of Probability Distribution 
 
 
 
Figure D.8: Detailed Analysis of the Cumulative Probability Distribution  
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Figure D.9: Risk Measure Comparisons for Strategies 
  
 
Figure D.10: Expected Costs, Risk Measures, and Contingencies 
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APPENDIX E 
 
 
 
 
 
 
Flowcharts are diagrams for visually representing different processes, i.e., 
development processes and management processes. Flowcharts have standardized 
symbols representing different actions. These symbols are connected together, through 
links, to represent the processes and their flow of activities. Therefore, the main focus of 
the flowcharts is to visualize set of activities of a process, and they are useful in 
designing and documenting various processes. Below are some of the flowchart symbols 
that are used in this research [HE10]. 
  
Table E.1: Flowchart symbols 
 
Decision node 
 
Process 
 
Direction of the Process flow 
 
Document 
 
Star or End of a Process 
 
Input or Output to a Process 
 
Wait or Delay 
 
Manual operation 
 
Processes Merger 
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APPENDIX F 
Table F.1: Risk Identification and Assessment for Strategies 1, 2 and 3 
Category Type Field Ph1 Ph2 Ph3 Ph4 
Strategy 1 
Product 
Engineering Requirements Stability 
2 2 2 2 
  
Completeness 1 1 1 1 
  
Clarity 4 4 4 4 
  
Validity 2 2 2 2 
  
Feasibility 3 3 3 3 
  
Precedent 1 1 1 1 
  
Scale 2 2 2 2 
 
Design Functionality 3 3 8 6 
  
Difficulty 2 2 2 2 
  
Interfaces 1 1 1 1 
  
Performance 1 1 1 1 
  
Testability 5 5 10 9 
  
Hardware Constraints 3 3 3 3 
  
Non-Development Software 1 1 1 1 
 
Code/Unit Test Feasibility 2 2 2 2 
  
Testing 7 7 10 8 
  
Coding/Implementation 5 5 5 5 
 
Integration/Test Environment 5 7 10 10 
  
Product 2 2 2 2 
  
System 5 5 5 5 
 
Engineering 
Specialties Maintainability     
  
Reliability 
    
  
Safety 1 1 1 1 
  
Security 1 1 1 1 
  
Human Parameters 
    
  
Specifications 
    
Development 
Environment 
Development 
Process Formality 
1 1 10 8 
  
Suitability 4 4 4 4 
  
Process Control 
    
  
Familiarity 5 5 8 8 
  
Product Control 2 2 10 8 
 
Development 
System Capacity 
2 2 5 5 
  
Suitability 2 2 2 2 
  
Usability 
    
  
Familiarity 3 3 3 3 
  
Reliability 1 1 1 1 
  
System Support 2 2 5 5 
  
Deliverability 1 1 4 4 
 
Management Planning 1 1 7 7 
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Process 
  
Project Organization 1 1 1 1 
  
Management Exp 2 2 5 5 
  
Program Interfaces 
    
 
Management 
Methods Monitoring     
  
 Personnel Management 2 2 3 3 
  
Quality Assurance 1 1 2 2 
  
Configuration Management 1 1 1 1 
 
Work 
Environment Quality Attitude 
1 1 1 1 
  
Cooperation 2 2 2 2 
  
Communication 
    
  
Morale 
    
Program 
Constraints Resources Schedule 
5 5 5 5 
  
Staff 2 2 10 8 
  
Budget 
    
  
Facilities 2 2 5 5 
 
Contract Type of Contract 
    
  
Restrictions 
    
  
Dependencies 5 5 5 5 
 
Program Interface Customer 
    
  
Associate Contractors 
    
  
Subcontractors 
    
  
Prime Contractor 
    
  
Corporate Management 3 3 3 3 
  
Vendors 
    
  
Politics 
    
Strategy 2 
Product 
Engineering Requirements Stability 
2 2 2 2 
  
Completeness 1 1 1 1 
  
Clarity 4 4 4 4 
  
Validity 2 2 2 2 
  
Feasibility 3 3 3 3 
  
Precedent 1 1 1 1 
  
Scale 2 2 2 2 
 
Design Functionality 3 3 8 6 
  
Difficulty 2 2 2 2 
  
Interfaces 1 1 1 1 
  
Performance 1 1 1 1 
  
Testability 
    
  
Hardware Constraints 3 3 3 3 
  
Non-Development 
Software 
1 1 1 1 
 
Code/Unit Test Feasibility 2 2 2 2 
  
Testing 
    
  
Coding/Implementation 5 5 5 5 
 
Integration/Test Environment 
    
  
Product 2 2 2 2 
  
System 5 5 5 5 
 
Engineering Maintainability 
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Specialties 
  
Reliability 
    
  
Safety 1 1 1 1 
  
Security 1 1 1 1 
  
Human Parameters 
    
  
Specifications 
    
Development 
Environment 
Development 
Process Formality     
  
Suitability 4 4 4 4 
  
Process Control 5 5 10 8 
  
Familiarity 5 5 8 8 
  
Product Control 
    
 
Development 
System Capacity 
2 2 5 5 
  
Suitability 2 2 2 2 
  
Usability 
    
  
Familiarity 3 3 3 3 
  
Reliability 1 1 1 1 
  
System Support 2 2 5 5 
  
Deliverability 1 1 4 4 
 
Management 
Process Planning 
1 1 7 7 
  
Project Organization 1 1 1 1 
  
Management Exp 2 2 5 5 
  
Program Interfaces 
    
 
Management 
Methods Monitoring 
3 3 10 8 
  
 Personnel Management 2 2 3 3 
  
Quality Assurance 1 1 2 2 
  
Configuration 
Management 
1 1 1 1 
 
Work Environment Quality Attitude 1 1 1 1 
  
Cooperation 2 2 2 2 
  
Communication 4 4 10 8 
  
Morale 
    
Program 
Constraints Resources Schedule 
5 5 5 5 
  
Staff 
    
  
Budget 
    
  
Facilities 2 2 5 5 
 
Contract Type of Contract 3 3 8 6 
  
Restrictions 
    
  
Dependencies 5 5 5 5 
 
Program Interface Customer 
    
  
Associate Contractors 
    
  
Subcontractors 
    
  
Prime Contractor 
    
  
Corporate Management 3 3 3 3 
  
Vendors 
    
  
Politics 
    
Strategy 3 
Product 
Engineering Requirements Stability 
2 2 2 2 
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Completeness 1 1 1 1 
  
Clarity 4 4 4 4 
  
Validity 2 2 2 2 
  
Feasibility 3 3 3 3 
  
Precedent 1 1 1 1 
  
Scale 2 2 2 2 
 
Design Functionality 3 3 8 6 
  
Difficulty 2 2 2 2 
  
Interfaces 1 1 1 1 
  
Performance 1 1 1 1 
  
Testability 
    
  
Hardware Constraints 3 3 3 3 
  
Non-Development 
Software 
1 1 1 1 
 
Code/Unit Test Feasibility 2 2 2 2 
  
Testing 
    
  
Coding/Implementation 5 5 5 5 
 
Integration/Test Environment 
    
  
Product 2 2 2 2 
  
System 5 5 5 5 
 
Engineering 
Specialties Maintainability 
5 5 10 8 
  
Reliability 3 3 8 6 
  
Safety 1 1 1 1 
  
Security 1 1 1 1 
  
Human Parameters 8 8 10 10 
  
Specifications 3 3 7 5 
Development 
Environment 
Development 
Process 
Formality     
  
Suitability 4 4 4 4 
  
Process Control 
    
  
Familiarity 5 5 8 8 
  
Product Control 
    
 
Development 
System Capacity 
2 2 5 5 
  
Suitability 2 2 2 2 
  
Usability 
    
  
Familiarity 3 3 3 3 
  
Reliability 1 1 1 1 
  
System Support 2 2 5 5 
  
Deliverability 1 1 4 4 
 
Management 
Process Planning 
1 1 7 7 
  
Project Organization 1 1 1 1 
  
Management Exp 2 2 5 5 
  
Program Interfaces 
    
 
Management 
Methods Monitoring     
  
 Personnel Management 2 2 3 3 
  
Quality Assurance 1 1 2 2 
  
Configuration 
Management 
1 1 1 1 
 
Work Quality Attitude 1 1 1 1 
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Environment 
  
Cooperation 2 2 2 2 
  
Communication 
    
  
Morale 
    
Program 
Constraints Resources Schedule 
5 5 5 5 
  
Staff 
    
  
Budget 
    
  
Facilities 2 2 5 5 
 
Contract Type of Contract 
    
  
Restrictions 
    
  
Dependencies 5 5 5 5 
 
Program Interface Customer 
    
  
Associate Contractors 
    
  
Subcontractors 
    
  
Prime Contractor 
    
  
Corporate Management 3 3 3 3 
  
Vendors 
    
  
Politics 
    
 
Table F.2: COCOMO-II Data 
COCOMO-II Data 
Strategy 1 
 
phase 1 phase 2 phase 3 phase 4 
   2.94 2.94 2.94 2.94 
   0.92 0.92 0.94 0.94 
EAF 0.32 0.32 0.87 0.78 
Size (KDOC) 5.00 12.00 8.00 8.00 
   
 
    PREC 0.81 0.81 1.62 1.62 
FLEX 1.21 1.21 2.43 2.43 
RESL 0.84 0.84 0.84 0.84 
TEAM 0.99 0.99 0.99 0.99 
PMAT 0.91 0.91 0.91 0.91 
Cost Drivers 
    RELY 1.00 1.00 1.00 1.00 
DATA 1.00 1.00 1.00 1.00 
CPLX 1.00 1.00 1.00 1.00 
RUSE 1.00 1.00 1.00 1.00 
DOCU 1.00 1.00 1.00 1.00 
TIME 1.00 1.00 1.00 1.00 
STOR 1.00 1.00 1.00 1.00 
PVOL 1.00 1.00 1.00 1.00 
ACAP 0.83 0.83 1.00 1.00 
PCAP 0.87 0.87 1.00 1.00 
PCON 0.92 0.92 1.00 1.00 
AEXP 0.89 0.89 1.00 1.00 
PEXP 0.88 0.88 1.12 1.00 
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LTEX 0.91 0.91 1.00 1.00 
TOOL 0.86 0.86 1.00 1.00 
SITE 0.78 0.78 0.78 0.78 
SCED 1.00 1.00 1.00 1.00 
Strategy 2 
 
phase 1 phase 2 phase 3 phase 4 
   2.94 2.94 2.94 2.94 
   0.92 0.92 0.94 0.94 
EAF 0.32 0.32 0.15 0.74 
Size (KDOC) 5.00 12.00 8.00 8.00 
   
 
    PREC 0.81 0.81 1.62 1.62 
FLEX 1.21 1.21 1.21 1.21 
RESL 0.84 0.84 0.84 0.84 
TEAM 0.99 0.99 1.98 1.98 
PMAT 0.91 0.91 0.91 0.91 
Cost Drivers 
    RELY 1.00 1.00 1.00 1.00 
DATA 1.00 1.00 1.00 1.00 
CPLX 1.00 1.00 1.00 1.00 
RUSE 1.00 1.00 1.00 1.00 
DOCU 1.00 1.00 1.00 1.00 
TIME 1.00 1.00 1.00 1.00 
STOR 1.00 1.00 1.00 1.00 
PVOL 1.00 1.00 1.00 1.00 
ACAP 0.83 0.83 0.67 1.00 
PCAP 0.87 0.87 0.74 1.00 
PCON 0.92 0.92 0.84 1.00 
AEXP 0.89 0.89 0.81 1.00 
PEXP 0.88 0.88 0.81 0.88 
LTEX 0.91 0.91 0.84 1.00 
TOOL 0.86 0.86 0.72 1.00 
SITE 0.78 0.78 0.92 0.84 
SCED 1.00 1.00 1.00 1.00 
Strategy 3 
 
phase 1 phase 2 phase 3 phase 4 
   2.94 2.94 2.94 2.94 
   0.92 0.92 0.94 0.92 
EAF 0.32 0.32 0.95 0.69 
Size (KDOC) 5.00 12.00 8.00 8.00 
    
    PREC 0.81 0.81 1.62 1.62 
FLEX 1.21 1.21 2.43 1.21 
RESL 0.84 0.84 0.84 0.84 
TEAM 0.99 0.99 0.99 0.99 
PMAT 0.91 0.91 0.91 0.91 
Cost Drivers 
    RELY 1.00 1.00 1.00 1.00 
DATA 1.00 1.00 1.00 1.00 
CPLX 1.00 1.00 1.00 1.00 
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RUSE 1.00 1.00 1.00 1.00 
DOCU 1.00 1.00 1.00 1.00 
TIME 1.00 1.00 1.00 1.00 
STOR 1.00 1.00 1.00 1.00 
PVOL 1.00 1.00 1.00 1.00 
ACAP 0.83 0.83 1.22 1.00 
PCAP 0.87 0.87 1.00 1.00 
PCON 0.92 0.92 1.00 1.00 
AEXP 0.89 0.89 1.00 1.00 
PEXP 0.88 0.88 1.00 0.88 
LTEX 0.91 0.91 1.00 1.00 
TOOL 0.86 0.86 1.00 1.00 
SITE 0.78 0.78 0.78 0.78 
SCED 1.00 1.00 1.00 1.00 
 
 
Figure F.1: Project Resources and their Costs for Strategy 1 
 
Figure F.2: Project Resources and their Costs for Strategy 2 
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Figure F.3: Project Resources and their Costs for Strategy 3 
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Figure F.4: Project Management Plan for Strategy 2 at 75% risk tolerance 
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Figure F.5: Project Management Schedule for Strategy 1 at 75% risk tolerance 
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Figure F.6: Project Management Plan for Strategy 2 at 75% risk tolerance 
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Figure F.7: Project Management Schedule for Strategy 2 at 75% risk tolerance 
  APPENDIX F 222 
 
 
Figure F.8: Project Management Plan for Strategy 3 at 75% tolerance 
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Figure F.9: Project Management Schedule for Strategy 3 at 75% tolerance 
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Table F.3: Project’s Schedule for Strategies 1, 2 and 3 at 75% risk tolerance 
 
Design Develop Test Integrate 
Design 
Contingency 
Develop 
Contingency 
Test 
Contingency 
Integrate 
Contingency 
  Strategy 1 
1 
2/1 – 
2/6 
2/6 – 
2/17 
2/17 –  
4/5 
4/5 – 
4/20 
2/1 – 2/8 2/6 – 2/16 2/17 – 3/9 4/5 – 4/20 
2 
4/20 – 
4/25 
4/25 – 
5/8 
5/8 – 
6/25 
6/25 – 
7/10 
4/20 – 4/27 4/25 – 5/7 5/8 – 5/29 6/25 – 7/10 
3 
7/10 – 
7/13 
7/13    
– 7/26 
7/26 – 
9/12 
9/12 – 
/9/27 
7/10 – 7/17 7/13 – 7/25 7/26 – 8/16 9/12 – 9/27 
 
Strategy 2 
1 
2/1 – 
2/6 
2/6 – 
2/17 
2/17 – 
2/27 
4/5 – 
4/20 
2/1 – 2/8 2/6 – 2/17 2/17 – 2/22 4/5 – 4/19 
2 
4/20 – 
4/25 
4/25 – 
5/8 
5/8 – 
5/16 
6/25 – 
7/10 
4/20 – 4/27 4/25 – 5/8 5/8 – 5/11 6/25 – 7/9 
3 
7/10 – 
7/13 
7/13 – 
7/26 
7/26 – 
8/3 
8/3 – 
8/17 
7/10 – 7/17 7/13 – 7/26 7/26 – 7/31 9/3 – 9/14 
 
Strategy 3 
1 
2/1 – 
2/6 
2/6 – 
2/17 
2/17 – 
4/10 
4/10 – 
4/23 
2/1 – 2/8 2/6 – 2/15 2/17 – 3/5 4/10 – 4/20 
2 
4/20 – 
4/25  
4/25 – 
5/8 
5/8 – 
6/28 
6/28 – 
7/11 
4/20 – 4/27 4/25 – 5/4 5/8 – 5/23 6/28 – 7/10 
3 
7/10 – 
7/13 
7/13 – 
7/26 
7/26 – 
9/17 
9/17 – 
9/28 
7/10 - 7/17 7/13 – 7/24 7/26 – 8/10 9/17 – 9/27 
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Figure F.10: Project Management Plan for Strategy 1 at 85% tolerance 
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Figure F.11: Project Management Schedule for Strategy 1 at 85% tolerance 
  APPENDIX F 227 
 
 
Figure F.12: Project Management Plan for Strategy 2 at 85% tolerance 
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Figure F.13: Project Management Schedule for Strategy 2 at 85% tolerance 
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Figure F.14: Project Management Plan for Strategy 3 at 85% tolerance 
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Figure F.15: Project Management Schedule for Strategy 3 at 85% tolerance 
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Table F.4: Project’s Schedule for Strategies 1, 2 and 3 at 85% risk tolerance 
 
Design Develop Test Integrate 
Design 
Contingency 
Develop 
Contingency 
Test 
Contingency 
Integrate 
Contingency 
  Strategy 1 
1 
2/1 – 
2/6 
2/6 – 
2/17 
2/17 –  
4/5 
4/5 – 
4/20 
2/1 – 2/10 2/6 – 2/27 2/17 – 3/29 4/5 – 5/4 
2 
4/20 – 
4/25 
4/25 – 
5/8 
5/8 – 
6/25 
6/25 – 
7/10 
4/20 – 5/1 4/25 – 5/16 5/8 – 6/18 6/25 – 7/24 
3 
7/10 – 
7/13 
7/13    
– 7/26 
7/26 – 
9/12 
9/12 – 
/9/27 
7/10 – 7/19 7/13 – 8/3 7/26 – 9/5 9/12 – 
10/11 
 
Strategy 2 
1 
2/1 – 
2/6 
2/6 – 
2/17 
2/17 – 
2/27 
4/5 – 
4/20 
2/1 – 2/10 2/6 – 2/28 2/17 – 2/27 4/5 – 5/10 
2 
4/20 – 
4/25 
4/25 – 
5/8 
5/8 – 
5/16 
6/25 – 
7/10 
4/20 – 5/1 4/25 – 5/17 5/8 – 5/16 6/25 – 7/30 
3 
7/10 – 
7/13 
7/13 – 
7/26 
7/26 – 
8/3 
8/3 – 
8/17 
7/10 – 7/19 7/13 – 8/6 7/26 – 8/3 9/3 – 10/5 
 
Strategy 3 
1 
2/1 – 
2/6 
2/6 – 
2/17 
2/17 – 
4/10 
4/10 – 
4/23 
2/1 – 2/13 2/6 – 2/23 2/17 – 3/16 4/10 – 5/9 
2 
4/20 – 
4/25  
4/25 – 
5/8 
5/8 – 
6/28 
6/28 – 
7/11 
4/20 – 5/2 4/25 – 5/14 5/8 – 6/5 6/28 – 7/27 
3 
7/10 – 
7/13 
7/13 – 
7/26 
7/26 – 
9/17 
9/17 – 
9/28 
7/10 - 7/20 7/13 – 8/1 7/26 – 8/23 9/17 – 
10/16 
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Figure F.16: Project Management Plan for Strategy 1 at 95% risk tolerance 
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Figure F.17: Project Management Schedule for Strategy 1 at 95% risk tolerance 
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Figure F.18: Project Management Plan for Strategy 2 at 95% risk tolerance 
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Figure F.19: Project Management Schedule for Strategy 2 at 95% risk tolerance 
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Figure F.20: Project Management Plan for Strategy 3 at 95% risk tolerance 
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Figure F.21: Project Management Schedule for Strategy 3 at 95% risk tolerance 
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Table F.5: Project’s Schedule for Strategies 1, 2 and 3 at 95% risk tolerance 
 
Design Develop Test Integrate 
Design 
Contingency 
Develop 
Contingency 
Test 
Contingency 
Integrate 
Contingency 
  Strategy 1 
1 
2/1 – 
2/6 
2/6 – 
2/17 
2/17 –  
4/5 
4/5 – 
4/20 
2/1 – 2/17 2/6 – 3/12 2/17 – 4/25 4/5 – 6/4 
2 
4/20 – 
4/25 
4/25 – 
5/8 
5/8 – 
6/25 
6/25 – 
7/10 
4/20 – 5/8 4/25 – 5/30 5/8 – 7/13 6/25 – 8/22 
3 
7/10 – 
7/13 
7/13    
– 7/26 
7/26 – 
9/12 
9/12 – 
/9/27 
7/10 – 7/26 7/13 – 8/17 7/26 – 10/2 9/12 – 11/9 
 
Strategy 2 
1 
2/1 – 
2/6 
2/6 – 
2/17 
2/17 – 
2/27 
4/5 – 
4/20 
2/1 – 2/17 2/6 – 3/12 2/17 – 3/1 4/5 – 5/30 
2 
4/20 – 
4/25 
4/25 – 
5/8 
5/8 – 
5/16 
6/25 – 
7/10 
4/20 – 5/8 4/25 – 5/30 5/8 – 5/21 6/25 – 8/17 
3 
7/10 – 
7/13 
7/13 – 
7/26 
7/26 – 
8/3 
8/3 – 
8/17 
7/10 – 7/26 7/13 – 8/17 7/26 – 8/8 9/3 – 10/25 
 
Strategy 3 
1 
2/1 – 
2/6 
2/6 – 
2/17 
2/17 – 
4/10 
4/10 – 
4/23 
2/1 – 2/20 2/6 – 3/12 2/17 – 4/23 4/10 – 5/25 
2 
4/20 – 
4/25  
4/25 – 
5/8 
5/8 – 
6/28 
6/28 – 
7/11 
4/20 – 5/9 5/8 – 7/11 5/8 – 6/5 6/28 – 8/14 
3 
7/10 – 
7/13 
7/13 – 
7/26 
7/26 – 
9/17 
9/17 – 
9/28 
7/10 - 7/27 7/13 – 8/17 7/26 – 9/28 9/17 – 11/1 
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Table F.6: ISBSG selected data fields for case-study [IS04] 
Rating 
Data Quality Rating: This field contains an ISBSG rating code of A, B, C or D applied to the project data 
by the ISBSG quality reviewers to denote the following: 
A= The data submitted was assessed as being sound with nothing being identified that might affect its 
integrity. 
B= The submission appears fundamentally sound but there are some factors which could affect the 
integrity of the submitted data. 
C= Due to significant data not being provided, it was not possible to assess the integrity of the 
submitted data. 
       D= Due to one factor or a combination of factors, little credibility should be given to the submitted data. 
Effort 
Summary Work Effort : Provides the total effort in hours recorded against the project. 
Schedule 
Project Elapsed Time: Total elapsed time for the project in calendar months. 
Project Inactive Time : This is the number of calendar months in which no activity occurred, (e.g.. 
awaiting client sign off, awaiting acceptance test data).  This time, subtracted from Project Elapsed Time, 
derives the actual time spent working on the project. 
Implementation Date: Actual date of implementation. (Note: where the exact date is not known the 
date is shown in the data in date format 1/mm/yy). 
Project Activity Scope: This indicates what tasks were included in the project work effort data 
recorded. These are: Planning, Specify, Design, Build, Test and Implement.  
Effort Breakdown:When provided in the submission, these fields contain the breakdown of the work 
effort reported by six categories: Plan, Specify, Design, Build, Test and Implement. 
Effort Attributes: 
Resource Level: Data is collected about the people whose time is included in the work effort data 
reported. Four levels are identified in the data collection instrument.  
1 = development team effort (e.g., project team, project management, project administration) 
2 = development team support (e.g., database administration, data administration, quality assurance, data 
security, standards support, audit & control, technical support) 
3 = computer operations involvement (e.g., software support, hardware support, information centre support, 
computer operators, network administration) 
4 = end users or clients (e.g., user liaisons, user training time, application users and/or clients) 
 
The number in this field indicates that all effort at this and preceding levels is included in the effort fields.  
For example, a “3” in this field for a project means that the work effort for the development team, 
development team support and computer operations is included in the work effort number. 
Max Team Size: The maximum number of people that worked at any time on the project. 
Average Team Size: The average number of people that worked on the project, (calculated from the 
team sizes per phase). 
Percentage of Uncollected Work Effort: The percentage of Work Effort not reflected in the reported 
data. i.e. an estimate of the work effort time not collected by the method used. The report typically is stated 
in the following terms:  
less than 5% of that recorded,  
between 5% and 10% of that recorded,   
___ % over that recorded, and unable to estimate. 
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Table F.7: ISBSG data set for the case-study 
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Table F.8: Contingency estimates for different phases of the projects 
ID Planning Specify Design Build Test Implement Un-phased Total 
16465 0.06 0.53 0.97 0.43 5.51 0.17 
 
7.67 
19539 0.67 0.64 0.99 0.95 5.37 0.14 
 
8.77 
20896 1.49 0.54 0.17 1.48 0.75 0.21 
 
4.67 
11788 0.30 0.51 0.19 0.74 0.56 0.18 
 
2.48 
28301 0.33 1.10 0.79 1.51 0.87 0.44 0.29 5.33 
12874 0.26 0.19 1.12 2.49 2.03 0.19 0.07 6.35 
32291 0.06 0.12 0.50 1.14 0.30 0.54 0.27 2.91 
28155 0.76 0.61 0.73 3.49 2.52 0.20 0.10 8.41 
16201 0.73 0.42 2.52 3.62 2.30 0.22 0.10 9.91 
14293 1.00 1.02 2.03 9.34 2.25 0.79 0.30 16.71 
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Figure F.22: Project management planning for project ID 16465 
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Figure F.23: Project management planning for project ID 19539 
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Figure F.24: Project management planning for project ID 20896 
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Figure F.25: Project management planning for project ID 11788 
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Figure F.26: Project management planning for project ID 28301 
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Figure F.27: Project management planning for project ID 12874 
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Figure F.28: Project management planning for project ID 32291 
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Figure F.29: Project management planning for project ID 28155 
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Figure F.30: Project management planning for project ID 16201 
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Figure F.31: Project management planning for project ID 14293 
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Table F.9: Reported and estimated work efforts 
ID 
Total Reported 
Work Effort (ISBSG) 
Total 
Estimated 
Contingency 
Total Effort 
= Reported 
Effort + 
Estimated 
contingency 
Actual  
Months 
(ISBSG) 
Duration From 
Project Planning 
16465 34.53 7.68 42.11 12.00 12.36 
19539 39.45 8.77 48.34 24.00 12.89 
20896 20.91 4.65 25.43 18.00 25.43 
11788 11.16 2.48 13.55 20.00 9.66 
28301 23.90 5.32 29.19 7.90 11.44 
12874 28.53 6.34 34.82 5.50 8.54 
32291 13.19 2.93 16.67 11.00 5.83 
28155 37.82 8.41 46.17 5.50 7.23 
16201 44.63 9.92 54.49 6.70 9.06 
14293 75.23 16.73 91.79 5.20 9.56 
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